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ABSTRACT
Selected species in nature are able to tolerate prolonged periods of severe water stress.
Survival of cellular desiccation in these anhydrobiotic organisms is conferred by a number of
mechanisms including accumulation of stabilizing solutes, such as trehalose, and expression of
Late Embryogenesis Abundant (LEA) proteins. An additional feature shared by some
anhydrobiotic animals is the capacity to suppress mitochondrial oxidative phosphorylation in
preparation for desiccation. These mechanisms improve the physiological robustness of cells to
stress. The primary aim of this dissertation is to evaluate forms of metabolic preconditioning and
to test the most propitious as a means to improve desiccation tolerance of mammalian cells.
Several chemical agents, termed hypoxia mimetics, were evaluated in this study for
utility in metabolic preconditioning. My results demonstrate that although each treatment
increased Hypoxia Inducible Factor-1α (HIF-α) to varying degrees, none of them emulated every
aspect of the hypoxia response in mammalian cells. A key aspect of the cellular hypoxia
response is the phosphorylation and inhibition of pyruvate dehydrogenase (PDH). CoCl2
unexpectedly and strikingly decreased the phosphorylation of PDH. Neither desferrioxamine nor
the prolyl-hydroxylase inhibitor FG-4592 caused an increase in PDH phosphorylation. Although
dimethyloxalolglycine (DMOG) increased PDH phosphorylation, further examination of
mitochondrial respiration showed that routine respiration was not reestablished 24 h after the
treatment was removed. Based on these results hypoxia preconditioning was determined to be
the most promising avenue for metabolic preconditioning.
The effects of hypoxia preconditioning on desiccation tolerance were investigated with
HepG2 cells that had been modified to accumulate trehalose and express AfrLEA2 from the
brine shrimp Artemia franciscana. Spin-drying was used to quickly dehydrate the cells to a

viii

residual water content of 0.225 g H2O/g dry mass. Cells were then immediately rehydrated. The
growth profiles of cells that received hypoxic preconditioning, with and without the nitric oxide
donor MitoSNO, were compared to the growth of control cells without preconditioning. Results
indicated that hypoxia preconditioning significantly increased cell proliferation compared to
controls, and proliferation was further bolstered by the addition of MitoSNO. These findings
support the concept that metabolic preconditioning can improve the biostability of mammalian
cells after desiccation.

ix

CHAPTER 1
INTRODUCTION
The emergence of new cell-based technologies has increased the need for the
development of better strategies for long-term storage of mammalian cells and tissues. The
primary method of storage is currently cryopreservation, or the storage of frozen tissue at
cryogenic temperatures, such as that of liquid nitrogen (Mazur 1984; Karlsson and Toner 1996).
However cryopreservation has drawbacks. The primary disadvantages are the costs associated
with storage and maintenance, potential damage caused by the freezing and thawing of tissue
(Brockbank and Taylor 2006), and the use of cryoprotectants like dimethyl sulfoxide (DMSO),
which can be toxic to cells at concentrations necessary to prevent harmful ice crystal formation
(Fahy et al. 2004). A promising alternative method for long-term storage of mammalian cells is
lyopreservation (Chen et al. 2001; Chakraborty et al. 2011a; Li et al. 2012). Lyopreservation is
the maintenance of stabilized cells in a desiccated state preferably at ambient temperature.
Lyopreservation is more cost-effective and less prone to catastrophic incidents than traditional
cryopreservation.
The loss of cellular water to the extent necessary for lyopreservation is fatal to most
organisms and cells (Somero 1992). However there are examples of land plants, fungi, bacteria,
and even some animals that are able to survive long-term desiccation (Crowe and Clegg 1978;
Yancey et al. 1982; Crowe et al. 1992; Potts 1994; Hand et al. 2011b). The phenomenon
whereby these organisms survive in the virtual absence of free water is known as
‘anhydrobiosis’, or “life without water” (Crowe et al. 1992; Crowe et al. 1997). Anhydrobiotic
organisms share common strategies for overcoming severe water stress, including metabolic
downregulation (Hochachka and Guppy 1987; Clegg et al. 1996; Hand and Hardewig 1996;
Hand et al. 2011a), the accumulation of stabilizing organic solutes (Yancey et al. 1982; Clegg
1

2005; Yancey 2005), and the expression of protective proteins (Ma et al. 2005; Tunnacliffe and
Wise 2007; Clegg 2011; Hand et al. 2011b).
The brine shrimp, Artemia franciscana, is an anhydrobiotic organism that inhabits hypersaline environments such as the Great Salt Lake (UT) and the salt water cisterns of the San
Francisco Bay. The encysted embryos of A. franciscana have the ability to survive in a
desiccated state for years and will resume normal development once favorable conditions are met
(Clegg and Conte 1980; Clegg et al. 1996; Hand 1998; Reynolds and Hand 2004; Clegg 2005).
Among the features that contribute to this extreme desiccation tolerance are (1) a geneticallyprogrammed state of developmental arrest known as diapause (Clegg and Conte 1980;
Drinkwater and Crowe 1987; Clegg et al. 1996; Qui and Macrae 2010; Hand et al. 2011a),
during which time both energy producing and consuming processes are reduced (Clegg et al.
1996; Reynolds and Hand 2004; Patil et al. 2013; Hand et al. 2016b), (2) the accumulation of the
disaccharide trehalose (Dutrieu 1960; Muramatsu 1960; Emerson 1963; Clegg 1964; Clegg
1965; Carpenter and Hand 1986), and (3) the expression of several Late Embryogenesis
Abundant (LEA) proteins (Hand et al. 2007; Menze et al. 2009; Warner et al. 2010; Hand et al.
2011b; Warner et al. 2012; Boswell et al. 2014b).
Biochemical features common to many anhydrobiotic species, such as LEA protein
expression and trehalose accumulation, have previously been exploited to increase the short-term
desiccation tolerance of mammalian cells (Guo et al. 2000; Crowe et al. 2005; Ma et al. 2005;
Chakraborty et al. 2011a; Li et al. 2012). The primary aim of this dissertation is to investigate
the effects of metabolic preconditioning on the viability of mammalian cells after desiccation and
rehydration.
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1.1 The Importance of Metabolic Preconditioning in Desiccation Tolerant Species and Potential
Applications for Mammalian Cells
There are animals from a diverse range of phyla that enter a diapause state that improves
their abilities to withstand harsh environmental conditions (for reviews, see Hahn and Denlinger
2007, Hahn and Denlinger 2011, Hand et al. 2011a, and Hand et al. 2016b). Many of these
organisms experience metabolic preconditioning associated with diapause, and the magnitude of
this preconditioning has an enormous impact on survival during bouts of environmental stress.
For example, the annual killifish Austrofundulus limnaeus exhibits decreased oxygen
consumption and protein synthesis as it enters diapause under aerobic conditions (Podrabsky and
Hand 1999; Podrabsky and Hand 2000), which allows it to maintain energy balance and survive
when subjected to desiccation and anoxia (Podrabsky et al. 2007; Podrabsky and Hand 2015).
While not diapause-related, the nematode Aphelenchus avenae must be given adequate time to
convert glycogen to trehalose and glycerol as water is removed, otherwise survivorship after
desiccation is greatly decreased (Crowe et al. 1977; Higa and Womersley 1993). Many
diapause-destined insects will eat more in order to store nutrients in preparation for diapause,
during which their metabolism allocations are redirected from energetically costly processes
such as growth and reproduction and towards promoting resistance to environmental stress,
which leads to a net decrease in overall metabolism and preservation of energy reserves (Hahn
and Denlinger 2007). Larvae of the insect Polypedilum vanderplanki utilize a number of
protective mechanisms in order to survive during anhydrobiosis, including buildup and tissue
distribution of trehalose (Kikawada et al. 2006; Kikawada et al. 2007; Nakahara et al. 2008;
Cornette et al. 2010). But perhaps the greatest depression of metabolic activity within a
diapausing species is seen in A. franciscana.
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In response to environmental cues such as photoperiod and temperature, A. franciscana
females will switch from ovoviviparous reproduction, or the release of larvae, to oviparous
reproduction, which entails the release of diapause-destined, encysted embryos whose
development has been halted at the gastrula stage (Clegg and Conte 1980; Clegg 2005; Qui and
Macrae 2010). These embryos (cysts) exhibit robust respiration immediately after release that is
comparable to active, post-diapause embryos (Clegg et al. 1996; Patil et al. 2013), but in a matter
of days, metabolism is depressed to barely measureable levels (Clegg et al. 1996; Patil et al.
2013) (Figure 1.1A). Most commonly, it is in the state of diapause when these embryos are
exposed to desiccating conditions as a result of washing ashore where many of these cysts overwinter. Shoreline-deposited embryos are subjected to dehydration. Diapause is terminated due to
environmental cues, such as dehydration and low temperatures, and the embryos resume normal
metabolism and development after being washed back into the lake in the spring (Drinkwater and
Crowe 1987). The survival time of an organism during environmental stress is frequently related
to the degree of metabolic depression achieved (Hochachka and Guppy 1987; Hand and
Hardewig 1996; Hand 1998), and embryos of A. franciscana exhibit the most severe metabolic
depression ever reported during a transition into diapause (Clegg et al. 1996; Patil et al. 2013).
One benefit of this extreme suppression of metabolism is the conservation of energy
stores (Carpenter and Hand 1986; Hochachka and Guppy 1987; Hand and Hardewig 1996; Patil
et al. 2013). If these stores become depleted, the organism will not resume the energeticallycostly process of normal development once conditions become favorable (Hand and Hardewig
1996). For embryos of A. franciscana, metabolic depression allows them to conserve large
amounts of their metabolic fuel, the disaccharide trehalose (Dutrieu 1960; Muramatsu 1960;
Emerson 1963; Clegg 1964; Carpenter and Hand 1986; Patil et al. 2013).
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A.

B.

Figure 1.1. Assessment of respiration and PDH phosphorylation in diapause embryos of A.
franciscana. (A) Respiration rate for diapause embryos of Artemia franciscana from the Great
Salt Lake (solid line) as a function of days post release. Embryos were synchronized to within 4
h of their release from oviparous females. Independent replicates for each batch collected in
2009 are displayed by superimposed open circles. Data are also provided for San Francisco Bay
embryos (dashed line, diamonds; Clegg et al. 1996) synchronized to within 24 h of release and
expressed relative to the day 1 values to allow comparison. (B) Western blot analysis of the
phosphorylation status of pyruvate dehydrogenase (site 1) in diapause and post-diapause
embryos. Post-diapause embryos were incubated for 2 and 8 h at room temperature. α-tubulin is
shown as a loading control (adapted from Patil et al. 2013).
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Once diapause is terminated, the embryo will develop unhindered if conducive environmental
conditions persist, and the stored trehalose will be catabolized and fuel the glycolytic pathway
(Clegg 1964; Clegg and Conte 1980; Drinkwater and Crowe 1987).
The hypoxia response of mammalian cells shows similarities to the metabolic
suppression exhibited in some animals during diapause (Bunn and Poyton 1996; Kim et al. 2006;
Papandreou et al. 2006; Semenza 2007a; Hand et al. 2011a; Jose et al. 2011; Semenza 2011a).
This response is influenced in large part by a build-up of the transcriptional co-factor Hypoxia
Inducible Factor-1α (HIF-1α) (Wang and Semenza 1993b; Wang and Semenza 1993d). HIF-1α
is constitutively expressed in mammalian cells but under normoxia is targeted for proteolytic
degradation via hydroxylation by a family of prolyl hydroxylases (PHD). Since oxygen is
required for this reaction, PHD is considered to be an intrinsic ‘oxygen sensor’ (Ivan et al. 2001;
Jaakkola et al. 2001; Semenza 2004). Another argument has been advanced with varying
degrees of support that part of the decrease in oxygen consumption is linked to a paradoxical
increase in reactive oxygen species (ROS) produced by the mitochondrion in response to
moderate hypoxia and the consequences thereof. Low oxygen availability may partially inhibit
electron transport, causing a change in the redox state of electron carriers that leads to an
increase in ROS production by Complex III (Chandel et al. 1997; Chandel et al. 2000). ROS
could then directly oxidize bound Fe2+ of PHD and inhibit this enzyme family, thereby
suppressing the degradation of HIF-1α (Brunelle et al. 2005; Guzy et al. 2005; Mansfield et al.
2005). In either case, under conditions of low oxygen, PHD cannot hydroxylate HIF-1α, which
promotes cellular HIF-1α levels to increase and initiate the transcriptional response (Wang and
Semenza 1993d; Semenza 2010). One HIF-linked response to hypoxia in mammalian cells is
inhibition of pyruvate dehydrogenase (PDH), a primary component of the citric acid cycle
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(Harris et al. 2002; Kim et al. 2006; Papandreou et al. 2006; Bonnet et al. 2007; McFate et al.
2008; Diaz-Ruiz et al. 2011).
In the mitochondrial matrix, PDH is responsible for the oxidative decarboxylation of
pyruvate to acetyl-CoA, which then enters the citric acid cycle (Harris et al. 2002). One target
that is transcriptionally unregulated by HIF-1 is pyruvate dehydrogenase kinase, which is
responsible for the phosphorylation of PDH (Semenza 2004; Kim et al. 2006; Papandreou et al.
2006; McFate et al. 2008; Borcar et al. 2013). Phosphorylation inhibits PDH thereby
suppressing oxidative phosphorylation and mitochondrial respiration by impeding the citric acid
cycle (Korotchkina and Patel 2001; Harris et al. 2002). Likewise, PDH from embryos of A.
franciscana has been shown to be highly phosphorylated during diapause (Patil et al. 2013)
(Figure 1.1B). The phosphorylation state of PDH markedly decreases once diapause has been
broken and development has resumed, which is consistent with an increase in PDH activity
(Figure 1.1B). This observation correlates with an increased amount of ATP measured in postdiapause embryos compared to diapause embryos (Patil et al. 2013) (Table 1.1).
Besides preservation of energy reserves, another potential advantage of metabolic
preconditioning during diapause and during preparation for anhydrobiosis is a reduction of
oxidative damage caused by excess mitochondrial ROS generated by the restoration of
mitochondrial activity during recovery (cf., Gusev et al. 2014). A similar process is observed
during tissue ischemia and subsequent reperfusion, when a lack of tissue blood perfusion
progressively starves cells of oxygen, which prevents mitochondrial respiration and oxidative
phosphorylation until flow resumes and oxygen is again available. The ischemic event leads to a
decline in ATP concentration for which the cell compensates via anaerobic glycolysis. This
glycolytic activity leads to a build-up of lactic acid and a decrease in cellular pH, ultimately
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Table 1.1. Adenylate levels in diapause and post-diapause (active) embryos of Artemia
franciscana. Adenylates were quantified using HPLC of perchloric acid extracts.
Concentrations are expressed as mean ± SE, N = 10 (diapause), N = 8 (post-diapause). *
indicates significant difference between diapause and post-diapause values, P < 0.0001 (From
Patil et al. 2013).
Adenylates

Diapause
(µmol g-1 embryo)

Post-diapause
(µmol g-1 embryo)

AMP *

0.622 ± 0.036

0.031 ± 0.005

ADP

0.126 ± 0.010

0.112 ± 0.006

ATP *

0.168 ± 0.008

0.812 ± 0.010

ATP/ADP *

1.306 ± 0.036

7.300 ± 0.276

AEC *

0.253 ± 0.009

0.908 ± 0.002
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leading to accumulation of cellular free calcium (Jennings and Reimer 1991; Halestrap et al.
2004; Halestrap 2010). Upon reperfusion, oxygen is resupplied to the tissue, which permits the
respiratory chain to restart and the mitochondrion to reenergize. However, the reperfusion of
ischemic tissue can be deleterious as well (Halestrap et al. 2004; Prime et al. 2009; Halestrap
2010). The return of oxygen after prolonged ischemia results in hyperpolarization (Iijima et al.
2006; Kyungsun et al. 2009; Sanderson et al. 2013), that causes the electron transport system to
produce an enormous surge of ROS (Lee et al. 2012; Chouchani et al. 2014). The combination
of increased ROS and calcium causes further damage to tissue via opening of the mitochondria
permeability transition pore (MPTP) and the initiation of apoptosis (Halestrap 1991; Griffiths
and Halestrap 1995; Loor et al. 2011).
There are both long-term and short-term methods of preconditioning that are useful in
mitigating ischemic-reperfusion (IR) injury. In the long-term, transcriptional upregulation of
HIF-1 pathway targets, such as PDK, and the subsequent suppression of mitochondrial
respiration prior to a harmful bout of IR has been shown to decrease associated mitochondrial
ROS production and cellular injury (Feinman et al. 2010; Hyvärinen et al. 2010; Poynter et al.
2011). A method that can be used in the short term since it does not require a transcriptional
response is ischemic preconditioning (IP). For some time it has been known that exposure to
short episodes of ischemia can protect tissue against the damage that comes with a subsequent
prolonged bout of ischemia and reperfusion (Murry et al. 1986; Glanemann et al. 2003; Lee and
Lee 2005). IP is likely explained in part by S-nitrosation (S-nitrosylation) of mitochondrial
proteins, specifically Complex I of the ETS (Burwell et al. 2006). Under short-term hypoxia,
Complex I shifts from an active conformation to a deactivated form, in which activity is curtailed
(Galkin et al. 2009). This conformational change exposes a cysteine residue on the ND3 subunit
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of Complex I that is susceptible to S-nitrosating agents, both naturally-present or
pharmacologically-introduced (Chouchani et al. 2013). The S-nitrosation of the cysteine residue
is chemically eliminated during reperfusion (half-life of 30-60 min), and Complex I is
concomitantly reactivated in the presence of oxygen. Prime et al. (2009) showed that MitoSNO
is a selective S-nitrosating agent that is directly targeted to mitochondria and a protective against
ischemia-reperfusion injury in cardiac tissue. Chouchani et al. (2013) reported that MitoSNO
operated mechanistically by reversibly inhibiting Complex I activity, thereby attenuating the
ROS surge accompanying reperfusion. The combination of long-term transcriptional metabolic
preconditioning as well as acute intervention with MitoSNO could maximize survival after
anoxia and desiccation.
In summary there are two potential outcomes of metabolic preconditioning of
mammalian cells that could prove advantageous in preparation for desiccation and rehydration:
(1) downregulation of oxidative metabolism and shifting to a more glycolytic-based metabolism,
and (2) prevention of ROS production during rehydration after drying, particularly when drying
is accomplished under hypoxia/anoxia.
1.2 Biostabilization by Trehalose and LEA Proteins of A. franciscana Embryos
While trehalose is the main metabolic fuel used by embryos of A. franciscana during preemergence development, it is also a lyoprotectant for the organism and contributes to desiccation
tolerance (Crowe et al. 2005; Hand and Hagedorn 2008). Trehalose has been shown to stabilize
biological structures in vitro during bouts of desiccation and freezing (Sun et al. 1996; Crowe et
al. 2005; Tapia and Koshland 2014). Two primary mechanisms have been proposed for the
protective effects of trehalose: vitrification and water replacement (Webb 1965; Crowe et al.
1984; Crowe et al. 1992). Vitrification, or the formation of sugar glasses, provides structural
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support to the cells and prevents deleterious interactions between cellular components during
dehydration (Crowe et al. 1984; Sun et al. 1996; Crowe et al. 1998). The ability of trehalose to
form sugar glasses is greater than for many other carbohydrates due to its higher glass transition
temperature (Crowe et al. 1989; Crowe et al. 1998). There is also evidence that trehalose may
act as a replacement for lost water molecules, which can prevent major cellular dysfunction and
damage due to protein misfolding and phase transition of lipid membranes that have lost their
bound water due to dehydration (Webb 1965; Crowe et al. 1989; Crowe et al. 1997). However
not all anhydrobiotic organisms accumulate trehalose or other non-reducing disaccharides
(Bewly and Black 1994; Linders et al. 1997; Lapinksi and Tunnacliffe 2003). And some
organisms that do, such as A. avenae, do not exhibit maximal desiccation tolerance with
trehalose alone (Higa and Womersley 1993; Browne et al. 2002; Browne et al. 2004). These
observations indicate that multiple physiological mechanisms are utilized in order to withstand
desiccation, such as the expression of protective proteins (Sales et al. 2000; Browne et al. 2004;
Tunnacliffe et al. 2005; Tunnacliffe and Wise 2007; Cornette et al. 2010).
Late embryogenesis abundant (LEA) proteins are a family of intrinsically disordered
proteins (Uversky and Dunker 2010) whose expression correlates with desiccation tolerance in
both plants and animals (Dure et al. 1981; Wise 2003; Browne et al. 2004; Tunnacliffe and Wise
2007; Hand et al. 2011b). Most LEA proteins gain structure upon drying, prevent protein
aggregation and preserve enzyme function during desiccation (Goyal et al. 2005; Grelet et al.
2005; Furuki et al. 2012; Boswell et al. 2014a). There is also evidence that LEA proteins and
disaccharides such as trehalose can work in a synergistic fashion, as LEA proteins might
stabilize the sugar glasses formed during drying (Wolkers et al. 2001; Hoekstra 2005; Shimizu et
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al. 2010) as well as protect some lipid bilayers to a higher degree than trehalose alone (Moore et
al. 2016).
1.3 Trehalose and LEA Proteins Confer Short-term Desiccation Tolerance to Mammalian Cells
During Spin-Drying
Some incremental progress has been made in improving the short-term tolerance of
mammalian cells to acute drying through trehalose loading and LEA protein expression. It is
necessary for trehalose to be present on both sides of a lipid bilayer in order to have maximum
effectiveness as a structural stabilizer (Chen et al. 2001; Moore et al. 2016). Li et al. (2012)
increased trehalose uptake of human hepatoma cells (HepG2) through transfection of a trehalose
transporter (TRET1) from P. vanderplanki (Kikawada et al. 2006; Li et al. 2012). Li et al.
(2012) also transfected HepG2 cells with two LEA proteins from A. franciscana: AfrLEA2 and
AfrLEA3m. AfrLEA2 is localized to the cytoplasm of A. franciscana (Boswell and Hand 2014),
while AfrLEA3 is targeted to mitochondrion (Menze et al. 2009; Boswell et al. 2014b; Moore et
al. 2016). Genes encoding AfrLEA2 and AfrLEA3m were stably transfected into the cells using
a tetracycline-inducible (TetOn) expression system (Li et al. 2012). Next an improved procedure
for cell drying was developed. The common method of evaporative drying in sessile droplets is
slow and non-uniform (Aksan et al. 2006; Adams et al. 2008; Chakraborty et al. 2011a), and
hyperosmotic stress can damage the cells before they are fully dried. In an attempt to avoid these
problems ‘spin-drying’ was employed (Chakraborty et al. 2011a; Chakraborty et al. 2011b; Li et
al. 2012). During spin-drying, adherent cells are quickly spun on a glass coverslip in a dry
environment, which causes the cells to uniformly lose the majority of their cellular water
(Chakraborty et al. 2011a; Li et al. 2012). Prior to spinning, a concentrated trehalose solution is
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layered over the cells and creates a glassy matrix as it dries that helps stabilize the plasma
membrane.
Control cells spin-dried without internal trehalose or any intracellular LEA proteins
exhibited zero membrane integrity upon rehydration (Figure 1.2A). About 45% of the cells that
were loaded with 20 mM trehalose via the TRET1 transporter maintained plasma membrane
integrity, while over 55% of the cells that expressed AfrLEA2 had intact membranes.
Surprisingly, over 90% of cells expressing AfrLEA3m were intact after drying (Figure 1.2A).
The combination of trehalose plus AfrLEA2 or AfrLEA3m yielded cells integrities above 95%.
It is essential to note that all cells were rehydrated immediately after spin-drying. If cells were
retained in the dry state at room temperature they rapidly lost integrity and viability. The
rehydrated cells were transferred to culture conditions and evaluated for growth over seven days
(Figure 1.2B); cells previously dried with trehalose plus LEA protein showed substantial growth
capacity when compared to non-dried control cells. In summary, it could be beneficial to
combine metabolic preconditioning with trehalose/LEA protein treatments during spin-drying to
further improve desiccation tolerance in mammalian cells. Thus, this method improved the
viability of cells during short-term drying, but long-term stability of cells in the dried state at
room temperature was not observed.
1.4 Research Aims of this Dissertation
The overall objective of this dissertation is to evaluate whether metabolic preconditioning
is a mechanism that may contribute to an improved desiccation tolerance for mammalian cells.
Chapter 2 focuses on two hypoxia mimetics, cobalt chloride (CoCl2) and desferrioxamine, which
have been widely-used due to their effect of increasing cellular levels of HIF-1α.
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Figure 1.2. Membrane integrity assessment and growth profiles of spin-dried HepG2 cells. (A)
HepG2 cells, expressing TRET1, AfrLEA2, AfrLEA3m, or a combination of TRET1 and a LEA
protein, were spin-dried. Cells expressing TRET1 were incubated in 50 mM trehalosecontaining medium for 18 h before spin-drying. Membrane integrity was assessed immediately
post desiccation. Values are mean ± SD (n = 3-9 independent samples). ‘*’ indicates
statistically significant differences (P < 0.05) vs Control (no trehalose or LEA protein), and ‘†’
indicates statistically significant differences (P < 0.05) vs. cells with intracellular trehalose alone
(gray bar). (B) Cells were rehydrated and incubated immediately after drying and counted over
the next 7 days. Error bars indicated ± SEM. After 7 days, cells expressing AfrLEA2 (with or
without trehalose loading) or AfrLEA3m were significantly lower than non-dried controls (‘*’; P
< 0.05). Cells expressing AfrLEA3 and loaded with trehalose were statistically equivalent to
non-dried controls (P = 0.21) (adapted from Li et al. 2012).
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Consequently, these chemicals could be potentially useful agents for metabolic preconditioning
in lieu of true hypoxia. Upon evaluating their effects on mammalian cells, Western blots showed
that although all of the mimetics increased the cellular levels of HIF-1α, neither CoCl2 nor
desferrioxamine caused an increase in phosphorylation of pyruvate dehydrogenase, unlike true
hypoxia and the mimetic DMOG. CoCl2 markedly decreased the phosphorylation, and rtqPCR
was used to show that CoCl2 had a negative effect on the expression of pyruvate dehydrogenase
kinase 2 in HepG2 cells (Borcar et al. 2013). Thus, CoCl2 and desferrioxmine do not emulate all
downstream effects of true hypoxia in three mammalian cell lines and lack fidelity as hypoxia
mimetics.
Chapter 3 contains the further evaluation of selected strategies for metabolic
preconditioning from Chapter 2, specifically natural hypoxia and DMOG, as well as the new
prolyl hydroxylase inhibitor FG-4592. Cellular respiration was quantified for all three
treatments as was the capacity to recover from these imposed metabolic states. This chapter also
focuses on the evaluation of MitoSNO as a donor of nitric oxide in HepG2 cells and a potential
nitrosating agent to attenuate ROS generation caused by hypoxia/reoxygenation. I show that
while both DMOG and FG-4592 increase HIF-1α in a dose-dependent manner, neither treatment
emulates all of the facets of the physiological hypoxia response, and therefore I conclude that
true hypoxia is the best method for metabolic preconditioning. I also present evidence that the
reintroduction of oxygen after hypoxic pretreatment causes the mitochondria of HepG2 cells to
generate a surge of ROS, which is attenuated by the application of MitoSNO prior to the
reintroduction of oxygen.
In Chapter 4, I test the hypothesis that metabolic preconditioning will have a positive
effect on the growth of cells after spin-drying and rehydration. HepG2 cells, which had been
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loaded with intracellular trehalose and induced to express AfrLEA2, were subjected to hypoxia
preconditioning for 24 h without and with MitoSNO added near the end of the hypoxic period.
Control cells received normoxic incubation. All cells then were spin-dried, immediately
rehydrated, and monitored for growth rate across 7 days of culture. Compared to control cells,
hypoxia preconditioning of cells statistically improved proliferation after spin-drying. The
combination of hypoxia preconditioning plus MitoSNO yielded cells with a proliferation profile
that was statistically greater than for hypoxia preconditioning alone. Thus metabolic
preconditioning improves cellular outcomes after water stress.
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CHAPTER 2
METABOLIC PRECONDITIONING OF MAMMALIAN CELLS: MIMETIC AGENTS FOR
HYPOXIA LACK FIDELITY IN PROMOTING PHOSPHORYLATION OF PYRUVATE
DEHYDROGENASE1
2.1 Introduction
The metabolic preconditioning of mammalian tissue has become a significant topic of
research in recent years (Menze et al. 2005; Gohil et al. 2010; Halestrap 2010; Menze et al. 2010;
Gohil et al. 2011; Hand et al. 2011a). For example, the physiological response to hypoxia has
been shown to have beneficial effects for biostabilization during ischemic recovery (Alchera et
al. 2010; Hyvärinen et al. 2010; Semenza 2011b; Eckle et al. 2012; Sarkar et al. 2012).
However, exposure to natural hypoxia can result in harmful oxidative stress and reduced viability
in most mammalian cells. Therefore, in lieu of true oxygen limitation, artificial alternatives that
induce a bona fide physiological hypoxic response would be desirable. For some time, it has
been suggested that CoCl2 may act as an artificial mimic of hypoxia (Goldwasser et al. 1958;
Goldberg et al. 1987; Goldberg et al. 1988; Bunn and Poyton 1996). CoCl2 may replace the
necessary ferrous iron of prolyl hydroxylase (PHD) and prevent it from targeting hypoxia
inducible factor-1α (HIF-1α; Semenza and Wang 1992) for proteasomal degradation (Ivan et al.
2001; Jaakkola et al. 2001). Consequently, CoCl2 has been used as an artificial stabilizer of HIF1α (Wang and Semenza 1993a; Wang and Semenza 1993c; Pugh et al. 1997; Kim et al. 2006).
During the natural state of hypoxia, oxygen limitation (and/or an associated elevation of reactive
oxygen species (Brunelle et al. 2005; Guzy et al. 2005; Semenza 2007b; Kaelin and Ratcliffe
2008; Ježek et al. 2010) inactivates PHD, and the cellular concentrations of HIF-1α increase
(Jiang et al. 1996; Ivan et al. 2001; Jaakkola et al. 2001; Semenza 2007b; Kaelin and Ratcliffe
2008; Ježek et al. 2010). HIF-1 then promotes expression of numerous downstream target genes,
1
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including those whose products phosphorylate and downregulate the activity of the pyruvate
dehydrogenase complex (PDC) (Kim et al. 2006; Papandreou et al. 2006; Semenza 2007b; Lu et
al. 2008). Although CoCl2 does increase the cellular levels of HIF-1α, the downstream effects of
this commonly utilized mimic of hypoxia have been incompletely evaluated. Because inhibition
of PDC is key to the depression of mitochondrial oxidative metabolism under hypoxia (Kim et
al. 2006; Papandreou et al. 2006; Ježek et al. 2010), it is important that CoCl2 elicits a
comparable increase in PDC phosphorylation in order to emulate hypoxia in a physiologicallyvalid manner. Thus, I evaluate here the impact of three reported PHD inhibitors [CoCl2,
desferrioxamine, dimethyloxaloylglycine (DMOG)] on HIF-1α stabilization and PDC
phosphorylation in three mammalian cell lines.
The PDC is strongly regulated by the phosphorylation and de-phosphorylation of its
pyruvate dehydrogenase (PDH) component, also known simply as E1 (Korotchkina and Patel
2001; Harris et al. 2002). In humans, there are four isozymes of the pyruvate dehydrogenase
kinase (PDK1-4) and two isozymes of the pyruvate dehydrogenase phosphatase (PDP1-2), which
are integral components of the PDC and are synthesized in a tissue-dependent manner (BowkerKinley et al. 1998; Korotchkina and Patel 2001; Harris et al. 2002; Kim et al. 2006; Papandreou
et al. 2006). PDH is an α2β2 tetramer, and there are three phosphorylation sites on the α subunit:
Ser293, Ser300, and Ser232 (sites 1, 2, and 3, respectively) (Korotchkina and Patel 2001). These
sites are differentially affected by the different isoforms of PDK and PDP, but phosphorylation at
any of these sites will lower PDC activity (Korotchkina and Patel 2001).
I show that CoCl2, desferrioxamine, and DMOG all increase HIF-1α to varying
degrees. However, in contrast to hypoxia, CoCl2 promotes a marked decrease in PDH
phosphorylation in all three cell lines tested -- human HepG2 hepatoma cells, NIH/3T3 mouse
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fibroblasts, and J774 mouse macrophages. Enhancement of PDH phosphorylation was minimal
at best with desferrioxamine even though it also elevated HIF-1α. DMOG increased
phosphorylation for all 3 sites in HepG2 cells, but not to the extent seen with hypoxia. CoCl2
and desferrioxamine do not serve as reliable mimics of hypoxia in terms of their influence on
some targets downstream of HIF-1, and thus should be used with caution if bona fide
physiological impacts are desired beyond HIF-1α stabilization.
2.2 Materials and Methods
Cell culture
All three cell lines were obtained from ATCC (Manassas, VA, USA). HepG2 human
hepatoma cells, NIH/3T3 mouse fibroblasts, and J774 mouse macrophages were maintained in
Gibco Minimum Essential Medium (MEM) supplemented with 10 % fetal bovine serum (FBS),
100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM glutamine (all from Invitrogen,
Carlsbad, CA, USA). Cells were grown to 70 % confluence in 75 cm2 tissue culture flasks
(Celltreat, Shirley, MA, USA) and maintained in a humidified atmosphere of 5 % CO2-95 % air
at 37 °C. For experiments, cells were detached using 0.25 % trypsin-EDTA solution (Invitrogen)
and seeded at 1-3 x 106 cells/plate. The number of cells was determined by counting with a
hemocytometer (Hausser and Son, Philadelphia, PA, USA).
For hypoxia studies, cell culture dishes were transferred to a modular incubator chamber
(Model MIC-101; Billups-Rothenberg, Del Mar, CA, USA) and exposed to a gas mixture
composed of 1 % oxygen, 5 % carbon dioxide, and 94 % nitrogen (premixed gas obtained from
Airgas Southwest, The Woodlands, TX, USA). The chamber containing culture plates was
flushed with the above gas mixture for 30 min at a flow rate of 9.5 L/min and incubated for 3 h at
37 °C to allow equilibration of culture medium with the gas phase. The chamber was flushed
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again for 30 min and then the cells incubated for 21 h at 37 °C. For CoCl2 and desferrioxamine
studies, cells were exposed to the indicated concentrations for 24 h at 37 °C.
Western blotting
Treated cells were harvested directly in SDS-PAGE buffer (Laemmli) composed of 62.5
mmol·l–1 Tris-HCl pH 6.8, 2 % SDS, 25 % glycerol, and 5 % β-mercaptoethanol. Protein
concentrations were quantified using Pierce 660 nm reagent with the ionic detergent
compatibility reagent added per the manufacturer’s instructions (Thermo Fisher Scientific,
Rockford, IL, USA). Samples were heat denatured for 1 min at 96 °C in sample buffer and
fractionated by SDS-PAGE with 8 % polyacrylamide gels using a Mini Protein 3 gel apparatus
(Bio-Rad, Hercules, CA, USA) at 125 V for 1 h followed by 175 V for 15 min. After SDSPAGE, proteins were electrophoretically transferred to nitrocellulose (0.2 μm Trans-Blot; BioRad) using a Bio-Rad Mini Trans-Blot transfer cell (80 V for 1 h at <18 °C). Blots were blocked
with a solution of 5 % fat-free dry milk in TRIS-buffered saline (TBS-T; 50 mM TRIS-base, 150
mM NaCl, 0.05 % Tween-20, pH 7.6 with HCl) and then incubated overnight with a primary
antibody at 4 °C. Antibodies used were monoclonal anti-HIF-1α (BD Transduction
Laboratories, Sparks, MD, USA), polyclonal PhosphoDetect Anti-PDH-E1α (pSer293), AntiPDH-E1α (pSer300) and Anti-PDH-E1α (pSer232) (Merck, Darmstadt, Germany), and polyclonal
anti-β-actin (Cell Signaling Technology, Danvers, MA, USA). Blots were subsequently washed
in TBS-T and incubated for 1 h with the appropriate species-specific secondary IgG HRP-linked
antibodies (Cell Signaling Technology) and visualized with Lumiglo chemiluminescent reagent
(Cell Signaling Technology). All blotting procedures were performed at 22–23 °C. Image J
software (National Institutes of Health, Bethesda, MD, USA) was used for quantification of
Western blot images.
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PCR and rtqPCR
RNA was isolated using an RNeasy Mini kit (Qiagen, Valencia, CA, USA) as per the
manufacturer's instructions for animal cells. cDNA was synthesized using a DyNAmo cDNA
synthesis kit (New England Biolabs, Ipswich, MA, USA).
PCR analysis was performed using a GeneAmp PCR System 9700 (Applied Biosystems,
Carlsbad, CA, USA) and Crimson Taq DNA polymerase mix (New England Biolabs) as per
manufacturer’s instructions. In brief, the reaction mixture contained 1X Crimson Taq reactions
buffer, 200 µM dNTPs, 0.5 µM each primer, template cDNA, 1.25 units Taq and was brought to
a final volume of 50 µl with nuclease-free H2O. Cycling parameters were 5 min of denaturation
at 95 °C, and then 30 cycles of a two-step protocol (95 °C, 30 s; 63 °C, 30 s), followed by a 10
min final extension step at 72 °C. PCR products were visualized with ethidium bromide after
agarose gel electrophoresis (1.5% SeaKem LE Agarose gel; Lonza, Rockland, ME, USA).
rtqPCR analysis was performed with an ABI Prism 7000 (Applied Biosystems) and
SYBR Green master mix (SA Biosciences, Frederick, MD, USA) with a total reaction volume of
25 µl. Cycling parameters were 10 min at 95 °C and then 40 cycles of 95 °C (15 s) and 60 °C
(60 s) followed by a melting curve analysis. Each treatment was evaluated with nine
independent experiments, each with three nested replicates, and with reference dye
normalization. The cycle threshold (Ct) value was determined with the manufacturer’s software.
After determination of the PCR efficiencies (Pfaffl 2001), all Ct values were normalized to the
expression of a bona fide housekeeping gene, β-actin. The PCR primers used to identify human
PDK-2 were 5’-AGCCAGTTCACTGACGCCCTG-3’ and 5’GGAGAATGAGGCTGGACTCAT-3’. To yield a smaller product optimized for rtqPCR,
primers for PDK-2 were 5’-TCATCAACCAGCACACCCTCATCT-3’ and 5’-
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ACTTGTCACACAGGAGCTTAGCCA-3’. The primers used for human β-actin were 5’GGCACCCAGCACAATGAAGATCAA-3’ and 5’-ACTCGTCATACTCCTGCTTGCTGA-3’.
Statistical Analyses
One-way ANOVA was performed using SAS v. 9.1 (SAS Institute, Cary, NC, USA).
Assumptions of normality and homogeneity of variance were met, and a Tukey-Kramer
adjustment was used for multiple pair-wise comparisons of means. Nine separate tests were
performed, each comprised of three nested replicates for each sample. Each experimental
treatment was compared to the control in order to obtain the percent change (Pfaffl 2001).
Values are expressed as mean ± standard deviation (S.D.). Statistical analysis of Western blot
quantification was performed with Graphpad InStat (Graphpad Software, La Jolla, CA, USA). p
≤ 0.05 was considered significant.
2.3 Results
CoCl2 decreases phosphorylation of pyruvate dehydrogenase in HepG2 cells
CoCl2 is frequently used as a stabilizing agent for HIF-1α because it inhibits the prolyl
hydroxylase responsible for signaling HIF-1α degradation (Ivan et al. 2001; Jaakkola et al.
2001). Predictably, CoCl2 increased the levels of HIF-1α in a dose-dependent manner in HepG2
cells when incubated for 24 h (Figure 2.1). These results are consistent with those of Wang and
Semenza (1993c) for HeLa and Hep3B cells and Pugh et al. (1997) for Hep3B cells. However,
contrary to expectations, CoCl2 strongly decreased the phosphorylation state of PDH at site 1 (α
subunit of E1, phosphoserine293) (Figure 2.1). This unexpected result was readily observed at the
low concentration of 100 µM CoCl2 after only 8 h of incubation time (Figure 2.2a). At 500 µM
CoCl2 and above, there was no detectable phosphorylation at site 1. Similar results with CoCl2
were obtained for the phosphorylation of PDH at site 2 (α subunit of E1, phosphoserine300) and
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Figure 2.1. Western blot analysis of HepG2 cells that were incubated with CoCl2 or exposed to
hypoxia (1 % O2) for 24 h. Amounts of HIF-1α, the phosphorylation state of PDH site 1 (E1α
subunit, phosphoserine293), site 2 (E1α subunit, phosphoserine300), site 3 (E1α subunit,
phosphoserine232), and the β-actin loading control are shown.
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site 3 (α subunit of E1, phosphoserine232). Phosphorylation at both of these sites decreased
noticeably at 50-250 µM CoCl2 with the phosphorylation at both sites completely disappearing
by 500 µM CoCl2 (Figure 2.1).
As expected, exposure of HepG2 cells to hypoxia [1% oxygen; pO2 approximately 0.95
kPa or 7.1 mm Hg (torr)] for 24 h increased the levels of HIF-1α compared to normoxic controls
(Figure 2.1), although not to the extent seen with low concentrations of CoCl2. Also as expected,
hypoxia increased the phosphorylation of PDH at sites 1, 2 and 3 compared to normoxic controls
(Figure 2.1).
CoCl2 decreases phosphorylation of E1α in NIH/3T3 fibroblasts and J774 macrophages
In order to test whether or not the CoCl2 effect on HepG2 cells was cell-line specific,
NIH/3T3 mouse fibroblasts and J774 mouse macrophages were exposed to CoCl2 for 24 h. The
viability of these fibroblasts and macrophages was significantly reduced at CoCl2 concentrations
above 300 µM and 150 µM, respectively, and thus exposures used were lowered accordingly.
Nevertheless, just as in the HepG2 cells, both NIH/3T3 (Figure 2.2b) and J774 cells (Figure
2.2c) showed a significant decrease in the phosphorylation of site 1, but at even lower
concentrations (25 µM CoCl2).
Desferrioxamine and DMOG increase HIF-1α but desferrioxamine has little effect on PDH
phosphorylation in HepG2 cells
Desferrioxamine is an iron chelator that likely inhibits PHD in a similar fashion as CoCl2,
eliminating the functionally necessary ferrous iron of PHD, thereby stabilizing HIF-1α (Wang
and Semenza 1993a; Pugh et al. 1997; Ivan et al. 2001; Jaakkola et al. 2001). DMOG is
membrane-permeable competitive inhibitor of PHD (Jaakkola et al. 2001).
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Figure 2.2. Western blot analysis of 100 µM CoCl2 on HepG2 cells across time and the effect of
CoCl2 on NIH/3T3 and J774 cell lines. (A) Western blot analysis of the effect of 100 µM CoCl2
on HepG2 cells across the indicated time course. Amounts of HIF-1α, the phosphorylation state
of PDH site 1 (E1α subunit, phosphoserine293) and the β-actin loading control are shown. (B)
Western blot analysis of NIH/3T3 fibroblasts that were incubated with the indicated
concentrations of CoCl2 or exposed to hypoxia (H; 1 % O2) for 24 h. The phosphorylation state
of PDH site 1 (E1α subunit, phosphoserine293) and β-actin loading control are indicated. (C)
Western blot analysis of J774 macrophages that were incubated with the indicated concentrations
of CoCl2 or exposed to hypoxia (“H”; 1 % O2) for 24 h. The phosphorylation state of PDH site 1
(E1α subunit, phosphoserine293) and β-actin loading control are shown.
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In order to test whether the CoCl2 effect on PDH was specific to that compound, HepG2 cells
were incubated with desferrioxamine or DMOG for 24 h. As expected, both desferrioxamine
and DMOG increased the levels of HIF-1α in a dose-dependent manner, and desferrioxamine
increased the levels of HIF-1α above that seen with hypoxia, similar to CoCl2 (Figure 2.3). But,
in contrast to expectations, desferrioxamine did not increase the phosphorylation of PDH at site 1
or site 3, and only marginally increased site 2 phosphorylation even in the face of strongly
elevated HIF-1α (Figure 2.3a). DMOG, meanwhile, did increase phosphorylation of all 3 sites,
although it did not elevate the levels of HIF-1α to the extent of CoCl2 or desferrioxamine (Figure
2.3b). DMOG did not increase the phosphorylation of all 3 sites to the degree that hypoxia did,
but the levels of HIF-1α were also lower than under hypoxia (Figure 2.3b). Thus, while CoCl2
and desferrioxamine increased HIF-1α, neither of these compounds promoted the anticipated
increase in PDH phosphorylation, and CoCl2 actually decreased it.
DMOG did elevate HIF-1α and PDH phosphorylation to a degree, but failed to promote
the stronger effects seen with the natural state of hypoxia (Figure 2.3b). Quantification of the
Western blots illustrates the influence on HIF-1α and the phosphorylation state of PDH of CoCl2
and desferrioxamine (Figure 2.4) and DMOG (Figure 2.5). Taken together, my results indicate
that CoCl2 and desferrioxamine are unreliable mimics of hypoxia for events downstream of HIF1α.
CoCl2 reduces mRNA expression of PDK-2
I predicted that the decrease in PDH phosphorylation observed when cells were incubated
with CoCl2 was promoted by a decrease in the synthesis of PDK-2, the most abundant PDK
isoform in liver cells (Bowker-Kinley et al. 1998; Korotchkina and Patel 2001). I tested this
hypothesis qualitatively using PCR and found that mRNA for PDK-2 in HepG2 cells did
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Figure 2.3. Western blot analysis of HepG2 cells that were incubated with desferrioxamine or
DMOG for 24 h compared to hypoxia (1% O2). (A) Western blot analysis of HepG2 cells that
were incubated with the indicated concentrations of desferrioxamine or exposed to hypoxia (H; 1
% O2) for 24 h. Amounts of HIF-1α, the phosphorylation state of PDH site 1 (E1α subunit,
phosphoserine293), site 2 (E1α subunit, phosphoserine300), site 3 (E1α subunit, phosphoserine232)
and the β-actin loading control are documented. (B) Western blot analysis of HepG2 cells that
were incubated with the indicated concentrations of DMOG or exposed to hypoxia (“H”; 1 %
O2) for 24 h. Amounts of HIF-1α, the phosphorylation state of PDH site 1 (E1α subunit,
phosphoserine293), site 2 (E1α subunit, phosphoserine300), site 3 (E1α subunit, phosphoserine232)
and the β-actin loading control are shown.
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Figure 2.4. Quantitative impact of 24 h incubations of HepG2 cells with CoCl2 and
desferrioxamine on HIF-1α and the phosphorylation states of PDH. The impacts of CoCl2 (solid
lines) and desferrioxamine (dashed lines) on the phosphorylation states of PDH site 1 (solid
circles), site 2 (solid squares), and site 3 (solid triangles) in HepG2 cells are shown. All values
are normalized to β-actin. Slopes of the linear regressions for sites 1 and 3 were not significantly
different from zero (p > 0.05) for the HepG2 cells incubated with desferrioxamine, while the
small positive slope for site 2 was significantly different from zero (p = 0.013). Inset: Elevation
of HIF-1α (normalized to β-actin) in HepG2 cells after 24 h exposures to CoCl2 (open circles)
and desferrioxamine (open squares).
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Figure 2.5. Quantitative impact of 24 h incubation of HepG2 cells with DMOG on HIF-1α and
the phosphorylation states of PDH. Quantification of Western blots illustrates the impact of 24 h
incubation with DMOG on the phosphorylation states of PDH site 1 (circles), site 2 (squares) and
site 3 (triangles) in HepG2 cells. All values are normalized to β-actin. Inset: Elevation of HIF1α (normalized to β-actin) in HepG2 cells after 24 h exposures to DMOG.
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appear to decrease when the cells were incubated with CoCl2, while cells exposed to 24 h of
hypoxia showed little difference in mRNA compared to normoxic controls (Figure 2.6a). mRNA
for PDK-1 and PDK-4 did not differ in cells incubated with CoCl2 versus untreated controls or
cells exposed to hypoxia, and PDK-3 mRNA increased in both hypoxic cells and CoCl2-treated
cells, as expected (data not shown). I used rtqPCR analysis to confirm that PDK-2 mRNA
quantitatively declined in response to CoCl2 exposure. At concentrations of 250 µM CoCl2 and
above, PDK-2 mRNA exhibited a statistically significant drop of 65-80 % compared to untreated
control cells (Figure 2.6b). PDK-2 mRNA expression was normalized to the mRNA of a
housekeeper gene (β-actin). Thus, CoCl2 may have decreased PDH phosphorylation by
decreasing the expression of PDK-2 mRNA (Figure 2.6).
2.4 Discussion
Adaptation to hypoxia in mammalian cells has become an important topic in cancer
research and metabolic preconditioning in many tissues and organs. Some cancers utilize the
cellular hypoxia response within the tumor microenvironment when rapid cell growth has
outpaced adequate vascularization and even afterwards to keep mitochondrial activity low
(Vander Heiden et al. 2009; Ježek et al. 2010; Semenza 2010; Jose et al. 2011). The response to
hypoxia in mammalian cells commonly involves the depression of mitochondrial oxidative
phosphorylation and enhanced glycolytic poise. I originally intended to increase levels of HIF1α with CoCl2 (or desferrioxamine, DMOG) in order to test the hypothesis that fostering such a
shift in metabolic poise would precondition mammalian cells (Menze et al. 2005; Menze et al.
2010; Hand et al. 2011a; Semenza 2011b) for increased survivorship during biostabilization by
cryopreservation and desiccation (Menze et al. 2010; Hand et al. 2011b).
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Figure 2.6. PCR and rtqPCR analysis of the expression of PDK-2 mRNA in HepG2 cells. (A)
Expression of PDK-2 mRNA in HepG2 cells that were incubated with the indicated
concentrations of CoCl2 or exposed to hypoxia (H; 1 % O2) for 24 h. PCR analyses of mRNA
for PDK-2 and β-actin (loading control) are shown. (B) Results obtained by rtqPCR. PDK-2
mRNA was normalized to a housekeeper gene (β-actin mRNA) and expressed as a percentage of
the untreated/normoxic control. Asterisks indicate significant differences from the hypoxia
treatment (H) (one-way ANOVA, n = 9, mean ± 1 SD; p ≤ 0.05).
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However, the major observation of this study is the unexpected and prominent decrease in PDH
phosphorylation when cells are incubated with CoCl2 compared to the increase in PDH
phosphorylation under hypoxia despite the significant increase of HIF-1α in both cases.
I surmise that the cause of this decrease is the significantly lower levels of PDK-2
transcription for cells incubated with CoCl2 compared to those under hypoxia. A drop in the
amount of PDK-2 would disrupt the balance between this kinase and PDH phosphatase, thereby
lowering the steady-state phosphorylation of PDH. The effect of CoCl2 on PDK-2 is surprising
because previous work has shown that when HIF-1α is stabilized by hypoxia the expression of
PDK-1 and PDK-3 mRNA increases (Kim et al. 2006; Papandreou et al. 2006; Semenza 2007b;
Lu et al. 2008). Due to the high respiratory capacity of liver cells, PDK-2 was investigated in the
present study because of its prominence in liver tissue (Bowker-Kinley et al. 1998; Korotchkina
and Patel 2001). Information regarding the hypoxia responsiveness of PDK-2 is very limited,
but it is appropriate to note that Lu et al. (2008) reported a low-scoring HRE associated with the
PDK-2 gene. They observed no increase in expression of PDK-2 mRNA in HeLa cells after
exposure to hypoxia, although a previous study did report PDK-2 induction in A549 cells
(Bonnet et al. 2007). The authors proposed that this difference in response to hypoxia was
simply due to cell line differences. In this study I showed that hypoxia does not increase the
PDK-2 mRNA level in HepG2 cells. Thus, the increased levels of PDH phosphorylation
observed under hypoxia are likely the result of increased PDK-3 synthesis, based upon the
unchanged expression of PDK-1 and PDK-4 mRNA under hypoxia mentioned above for HepG2
cells.
The mechanism behind the surprising impact of CoCl2 on PDK-2 expression is as yet
unknown and warrants further study. But it is clear from my results that CoCl2 is a poor choice
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to artificially mimic hypoxia in HepG2, NIH/3T3, and J774 cell lines for selected events
downstream of HIF-1α stabilization. Similarly, I also show that desferrioxamine does not
promote the expected increase in PDH phosphorylation levels seen under hypoxia in HepG2
cells, making it an unsuitable mimic of hypoxia as well. While it does increase HIF-1α and PDH
phosphorylation, DMOG was significantly less effective than hypoxia. The observations
reported in this chapter emphasize the diligence required when attempts are made to artificially
stimulate a physiological state with drugs that actually may promote unwanted, divergent effects
or have little or no impact.
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CHAPTER 3
HYPOXIC EXPOSURE AND MITOSNO ELICIT A COMPREHENSIVE AND REVERSIBLE
PRECONDITIONING RESPONSE IN HEPG2 CELLS
3.1 Introduction
The biostabilization of mammalian tissue in the desiccated state, or lyopreservation, at
ambient temperatures has become a promising avenue of research in recent years (Chen et al.
2001; Chakraborty et al. 2011a; Li et al. 2012). Lyopreservation could be more cost-effective
than traditional cryopreservation, or the storage of frozen tissue at cryogenic temperatures, and
mitigate the potential damage associated with freezing and thawing tissue (Brockbank and
Taylor 2006). One promising method is spin-drying, in which adherent cells are quickly spun in
a dry environment, which causes the cells to uniformly lose a majority of their cellular water
(Chakraborty et al. 2011a; Li et al. 2012). Unfortunately the level of water loss associated with
lyopreservation is fatal to most cells, tissues and organisms (Somero 1992). However there are
examples of organisms that are able to withstand long bouts of desiccation and survive, a
phenomenon known as anhydrobiosis or ‘life without water’ (Crowe et al. 1992; Crowe et al.
1997). Many anhydrobiotic species share common strategies, such as metabolic preconditioning,
in order to survive long-term desiccation and resume development once favorable conditions
return (Hochachka and Guppy 1987; Clegg et al. 1996; Hand and Hardewig 1996; Hand et al.
2011a). In this chapter I will further evaluate the most promising strategies for metabolic
preconditioning identified in Chapter 2 [(i.e., hypoxia, dimethyloxalylglycine (DMOG)] in
addition to a new prolyl hydroxylase inhibitor FG-4592. Specifically, their impacts on
mitochondrial respiration of HepG2 cells will be quantified along with the capacity to recover
after the imposed metabolic states. Finally, because my accumulating evidence supports natural
hypoxia as the most comprehensive and effective pre-treatment, I will examine the nitrosating
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agent MitoSNO as a potential tool to decrease production of reactive oxygen species (ROS)
during the reoxygenation phase after hypoxia.
Metabolic preconditioning serves to maintain energy balance and conserve energy stores
during preparation for desiccation in some species (Hochachka and Guppy 1987; Hand and
Hardewig 1996; Hand et al. 2011a; Patil et al. 2013). The suppression of mitochondrial activity
before desiccation may also play a role in the reduction of oxidative damage that can accompany
recovery. Aerobic metabolism is shut down during anhydrobiosis irrespective of the presence of
oxygen, and the resumption of activity in unconditioned mitochondria can generate a harmful
surge of ROS. Anhydrobiotic organisms exhibit a variety of mechanisms to manage oxidative
stress upon recovery (Kranner and Birtić 2005; França et al. 2007; Cornette et al. 2010; Gusev et
al. 2014), which implies that the ability to counteract increased ROS production is necessary for
survival.
As a means to metabolically prepare mammalian cells for desiccation and the anoxia
imposed during spin-drying, one can look to the hypoxia response of mammalian cells for
potential insights (Bunn and Poyton 1996; Kim et al. 2006; Papandreou et al. 2006; Semenza
2007b; Hand et al. 2011a; Jose et al. 2011; Semenza 2011b). As reviewed in Chapters 1 and 2,
Hypoxia Inducible Factor-1α (HIF-1α) is a key regulator of the mammalian hypoxia response
(Wang and Semenza 1993b; Wang and Semenza 1993d). While oxygen is abundant, HIF-1α is
targeted for degradation via a family of prolyl hydroxylases (PHD) (Ivan et al. 2001; Jaakkola et
al. 2001). Under low oxygen conditions, PHD is unable to hydroxylate HIF-1α (Jiang et al.
1996; Semenza 2004; Kaelin and Ratcliffe 2008). This blockage of PHD has been simulated
with inhibitors like FG-4592 and DMOG. The subsequent build-up of HIF-1 has numerous
downstream (transcription-based) consequences, at least under natural hypoxia (Wang and
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Semenza 1993a; Wang and Semenza 1993b; Wang and Semenza 1993d; Semenza 2004), such as
the phosphorylation and inhibition of pyruvate dehydrogenase (PDH) (Korotchkina and Patel
2001; Harris et al. 2002; Kim et al. 2006; Papandreou et al. 2006; Semenza 2007b; Lu et al.
2008). Inhibition of PDH prevents the entry of acetyl-CoA into the citric acid cycle, thereby
suppressing oxidative phosphorylation and mitochondrial respiration (Korotchkina and Patel
2001; Harris et al. 2002). Such suppression of mitochondrial respiration via the HIF-1 pathway
may contribute to the robust nature of certain types of cancer cells like hard tumors, possibly due
to a decrease in routine mitochondrial ROS production. Preferential reliance on glycolysis
instead of oxidative phosphorylation is a defining feature of the Warburg Effect (for review, see
Vander Heiden et al. 2009). Similarly, if such long-term transcriptional adjustments involving
HIF-1 are made in advance, they can improve cellular outcomes during ischemia (Feinman et al.
2010; Hyvärinen et al. 2010; Poynter et al. 2011).
Ischemia is a condition that can provide insights into metabolic imbalances and the
required adjustments to allow cell survival. During ischemia, a lack of blood tissue perfusion
starves cells of oxygen, which prevents mitochondrial respiration and oxidative phosphorylation.
Subsequent reperfusion and the return of oxygen can result in hyperpolarization of the
mitochondrial inner membrane (Iijima et al. 2006; Kyungsun et al. 2009; Sanderson et al. 2013).
Reoxygenation causes the electron transport system (ETS) to produce a surge of ROS (Lee et al.
2012; Chouchani et al. 2014), which can lead damage of DNA and macromolecules as well as
apoptosis (Halestrap 1991; Griffiths and Halestrap 1995; Loor et al. 2011). One acute way to
attenuate ROS during the resumption of mitochondrial activity is ischemic preconditioning (IP)
(Murry et al. 1986; Glanemann et al. 2003; Lee and Lee 2005). IP is the administration of a
short bout of ischemia (hypoxia) that protects cells against damage during subsequent, longer
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ischemic bouts. IP generates bioactive nitric oxide (NO•) through the reduction of nitrite (Shiva
et al. 2007). Although it has been well-characterized that NO• competes with oxygen for binding
on Complex IV of the ETS (Cleeter et al. 1994; Palacios-Callender et al. 2004), the protective
role of NO• in ischemic preconditioning is likely the S-nitrosation (S-nitrosylation) of protein
thiols within Complex I (Burwell et al. 2006; Prime et al. 2009; Chouchani et al. 2013). Under
hypoxia, Complex I shifts from an active to a deactivated form (Galkin et al. 2009). The
deactivation of Complex I not only curtails activity but also exposes a cysteine residue on the
ND3 subunit that is susceptible to S-nitrosation (Chouchani et al. 2013). S-nitrosation of the
ND3 subunit prevents Complex I from reestablishing its active formation once oxygen returns,
and the resulting inhibition prevents the ROS-related damage associated with the resumption of
mitochondrial activity during reperfusion (Burwell et al. 2006; Prime et al. 2009; Chouchani et
al. 2013).
MitoSNO is a selective S-nitrosating agent that is directly targeted to mitochondria
(Prime et al. 2009). When administered prior to reperfusion, MitoSNO nitrosates the ND3
cysteine residue of Complex I, thereby inhibiting activity after oxygen returns (Chouchani et al.
2013). The half-life of the nitrosated cysteine is short under normoxia, and the majority of
Complex I function consequently returns after 30-40 min of reperfusion (Chouchani et al. 2013).
In this way MitoSNO is able to inhibit flux through the ETS in the critical early minutes of
reperfusion and attenuate the surge of ROS (Chouchani et al. 2013).
In this chapter I show that although exposure to the hypoxia mimetics FG-4592 and
DMOG emulate some facets of the cellular hypoxia response in HepG2 cells, only true hypoxia
inhibits mitochondrial activity in an identifiable and reversible fashion. I also demonstrate that
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MitoSNO acts as a NO• donor in the mitochondria of HepG2 cells and attenuates the production
of ROS during the reoxygenation phase after hypoxia preconditioning.
3.2 Methods
Cell Culture
Human hepatocellular carcinoma (HepG2) cells were obtained from ATCC (Manassas,
VA, USA). In order to conduct the metabolic experiments on the same cells required for the
desiccation studies in Chapter 4, these cells were modified by Li et al. (2012) to constitutively
express the TRET1 trehalose transporter and also to express AfrLEA2 under control of a
tetracycline-inducible system. Cells were maintained in Gibco Minimum Essential Medium
(MEM) supplemented with 10 % Tet-System approved fetal bovine serum (FBS; Clontech,
Tokyo, Japan), 100 µg/mL G418 (Clontech), 100 µg/mL hygromycin (Thermo-Fisher Scientific,
Rockford, IL, USA), 2 µg/mL blasticidine (Thermo-Fisher), and 2 mM glutamine (ThermoFisher). Cells were grown to 70 % confluency in 75 cm2 tissue culture flasks (VWR, Radnor,
PA, USA) and maintained in a humidified atmosphere of 5 % CO2-95 % air at 37 °C. For
subculture, cells were detached using 0.25 % trypsin-EDTA solution (Thermo-Fisher) and
seeded at 1-3 x 106 cells/plate. The number of live cells was determined by adding trypan blue
and counting unstained cells with a hemocytometer (Hausser and Son, Philadelphia, PA, USA).
For hypoxia studies, cell culture dishes or 96-well plates containing HepG2 cells were
transferred to a modular incubator chamber (Model MIC-101; Billups-Rothenberg, Del Mar, CA,
USA) and equilibrated with a gas mixture composed of 0.5 % oxygen, 5 % carbon dioxide, and
the balance nitrogen (premixed gas obtained from Airgas, The Woodlands, TX, USA). The
chamber containing culture plates was flushed with the above gas mixture for 30 min at a flow
rate of 9.5 L/min and incubated for 3 h at 37 °C to allow equilibration of culture medium and
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cells with the gas phase. The chamber was flushed again for 30 min and then the cells incubated
for 21 h at 37 °C.
For FG-4592 (Selleckchem; Houston, TX, USA) and DMOG (Sigma-Aldrich, St. Louis,
MO, USA) studies, stock solutions were prepared in DMSO at concentrations of 50 mM and 100
mM, respectively, and stored at -20 °C. Cells were exposed to the indicated concentrations for
24 h. For recovery trials, cells were then washed twice with phosphate-buffered saline (PBS),
given fresh medium, and placed in the cell culture incubator for 24 h.
Western Blotting
Treated cells were washed twice with cold PBS and then the attached cells were
harvested directly in SDS-PAGE sample buffer (Laemmli) composed of 62.5 mmol·l-1 TRISHCl pH 6.8, 2 % SDS, 25 % glycerol, and 5 % β-mercaptoethanol using a rubber policeman.
Cell membranes and organelles were disrupted further via sonication at 25 % amplitude twice for
30 s on ice with a Branson Digital Sonifier (VWR). Protein concentrations were quantified using
Pierce 660 nm reagent with the ionic detergent compatibility reagent added per manufacturer’s
instructions (Thermo-Fisher). Proteins were separated by SDS-PAGE with 8 % polyacrylamide
gels using a Mini Protein 3 gel apparatus (Bio-Rad, Hercules, CA, USA) at 125 V for 1 h
followed by 175 V for 15 min. After SDS-PAGE, proteins were electrophoretically transferred
to nitrocellulose (0.2 µM Trans-Blot; Bio-Rad) using a Bio-Rad Mini Trans-Blot transfer cell (80
V for 1 h at <4 °C). HIF-1α and β-actin blots were blocked with a solution of 5% fat-free dry
milk in TRIS-buffered saline supplemented with Tween-20 (TBS-T; 50 mM TRIS-base, 150 mM
NaCl, 0.05 % Tween-20, pH 7.6 with HCl). Phospho-PDH blots were blocked with a solution of
5 % bovine serum albumin in TBS-T. Blots were then incubated overnight with primary
antibody prepared in respective blocking solutions at 4 °C under gentle agitation. Antibodies
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used were monoclonal anti-HIF-1α (1:1000 dilution; BD Transduction Laboratories, Sparks,
MD, USA), polyclonal PhosphoDetect Anti-PDH-E1α (pSer293) (1:2000 dilution; Merck,
Darmstadt, Germany), Anti-PDH-E1α (pSer300) (1:2000 dilution; Merck), and polyclonal anti-βactin (1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA). Blots were
subsequently washed in TBS-T and incubated for 1 h with the appropriate species-specific
secondary antibodies (1:2000 dilution; HRP-linked; Cell Signaling Technology) in 5% fat-free
dry milk in TBS-T, while being gently agitated at room temperature. Bands were visualized with
ECL Prime Western Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA).
Respiration measurements
At appropriate time points, treated or control cells were trypsinized for 10 min,
centrifuged at 1000 RPM for 5 min at ambient temperature, and resuspended in fresh, fully
complemented medium. Two mL of cell suspension at an approximate concentration of 0.8-1.2
million cells/mL was then added to the chambers of an Oxygraph-2K (OROBOROS Instruments,
Innsbruck, Austria). Special 10-mm stir bars coated with PEEK plastic and fitted with Viton
sleeves were set at a stirring rate of 750 RPM and chamber temperature was controlled at 37 °C.
These stir bars served to minimize mechanical damage to the cells. The cell suspensions were
equilibrated with air and then the chambers were closed. A 10-min period was allowed for
stabilization, after which routine respiration was recorded. LEAK respiration, or the oxygen
consumption necessary to compensate for proton leak across the mitochondrial inner membrane
in the absence of oxidative phosphorylation (OXPHOS), was obtained by adding 4 µg/ml
oligomycin (Sigma-Aldrich). Oligomycin was used to inhibit the F1Fo ATP synthase in order to
prevent any contribution of OXPHOS to LEAK respiration. Maximum uncoupled respiratory
flux (ETS) was obtained by titration with the protonophore carbonyl cyanide 4-
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(trifluoromethoxy) phenylhydrazone (FCCP; Sigma-Aldrich) until peak respiration was reached,
which was indicated by inhibition with subsequent additions. Finally residual (non-ETS) oxygen
consumption was then determined by addition of 0.5 µM rotenone (Complex I inhibitor) plus 2.5
µM antimycin-A (Complex II inhibitor) (Sigma-Aldrich). All injections were performed using
GastightTM syringes (Hamilton, Reno, Nevada, USA). Data were digitally recorded using
DatLab 4.3.0.2 software (Oroboros Instruments), and oxygen flux was calculated as the negative
time derivative of the oxygen concentration. Cells were counted directly after each trial with a
hemocytometer, and respiration values were normalized per 1 million cells. Oxygen sensors
were calibrated routinely at air saturation and in oxygen-depleted medium.
In order to verify the ability of MitoSNO to act as a donor of NO• within HepG2 cells,
oxyhemoglobin was used as a scavenger of NO• after MitoSNO treatment. Oxyhemoglobin
should restore any inhibition of respiration caused by NO• generation. Bovine hemoglobin
(methemoglobin; product number H2625, Sigma Aldrich, St. Louis, MO) was prepared as a 20
mg/ml solution in 20 mM sodium phosphate buffer containing 1 mM EDTA (pH 7.0). Sodium
dithionite was then added to a final concentration of 20 mg/ml to reduce methemoglobin to
oxyhemoglobin (OxyHb). The sodium dithionite and byproducts were removed by applying the
hemoglobin solution to a small Sephadex G-25 column equilibrated with the buffer above and
eluting by centrifugation (Helmerhorst and Stokes 1980, as modified by Hand and Somero
1983).
Assay for Superoxide
The oxidation of dihydroethidium (DHE; Thermo-Fisher) was used to detect superoxide
production (Peshavariya et al. 2007; Nazarewicz et al. 2013; Chouchani et al. 2014) after
hypoxia and reoxygenation. The technique was adapted for cells plated in opaque-bottom 96-
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well culture plates (Perkin Elmer; Waltham, MA, USA). At 70 % confluency, a plate of cells
was placed under hypoxia as described above. A control plate was kept under normoxia in a cell
culture incubator. After hypoxia treatment (24 h), the modular incubator chamber was placed in
a glove bag (Alfa-Aesar; Ward Hill, MA, USA) that was purged with hypoxic gas (0.5 %
oxygen, 5 % carbon dioxide, balance nitrogen). The chamber was opened under these hypoxic
conditions in the glove bag; the old medium was removed and fresh medium that contained 10
µM DHE was added to all wells. Some wells also received 10 µM MitoSNO or carrier control
(EtOH) and the plate was gently shaken for 15-20 s to facilitate cellular uptake. The plate then
remained in the hypoxic environment for 1 min before removal. Exposure to light was kept at a
minimum for all MitoSNO studies by conducting experiments in a room without lights. The plate
was removed from the glove bag and immediately placed in a 37 °C cell culture incubator for 10
min to facilitate normoxic recovery. At this time, 10 µM DHE was also added to the control
(normoxic) cells, and the plate was returned to the cell culture incubator.
Fluorometric assays were performed using a Victor 3 Multilabel Counter (Perkin Elmer).
DHE was excited at 485 nm and emission was monitored at 590 nm. Blank wells containing
medium without cells were also prepared for each treatment and autofluorescence values were
subtracted. MitoSNO was generously provided by Dr. Mike Murphy of the MRC Mitochondrial
Biology Unit, Cambridge Biomedical Campus, Cambridge, United Kingdom.
Statistical analyses
Analyses were performed with GraphPad Prism statistical software (ver 5.04, Graphpad
Software, La Jolla, CA, USA), and significance was calculated by one-way analysis of variance
(ANOVA) followed by Bonferroni’s test for multiple comparisons. A P value of ≤ 0.05 was
considered significant.
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3.3 Results
Hypoxia stabilizes HIF-1α, increases PDH phosphorylation, and reversibly decreases
mitochondrial respiration
A decrease in oxygen availability should prevent hydroxylation of HIF-1α by PHD and
therefore prevent its degradation (Ivan et al. 2001; Jaakkola et al. 2001). As expected, Western
blots showed exposure of HepG2 cells to hypoxia [0.5 % oxygen; pO2 approximately 0.475 kPa
or 3.6 mmHg (torr)] for 24 h increased levels of HIF-1α compared to normoxic controls (Figure
3.1A). These results support findings with 1 % oxygen that were reported in Chapter 2.
Hypoxia exposure also led to an increase in the phosphorylation of sites 1 and 2 of PDH (Figure
3.1A). Hypoxia exposure did not decrease the viability of HepG2 cells, and the above effects
were reversed after incubation under normoxic conditions for 24 h following hypoxia exposure
(Figure 3.1A).
Cellular oxygen consumption was measured to examine the correlation between PDH
phosphorylation and mitochondrial respiration. Intact (non-permeabilized) HepG2 cells that
were exposed to severe hypoxia for 24 h exhibited an approximate 60 % decrease in routine
(endogenous) respiration compared to normoxic controls (Figure 3.1B). Oligomycin was then
used to block the proton channel of ATP-synthase and obtain LEAK respiration. FCCP titration
was used to collapse the protonmotive force across the inner mitochondrial membrane and
thereby uncouple respiration from ATP synthesis in order to obtain maximum respiratory flux
(ETS). The uncoupled cells exhibited a roughly 40 % decrease in maximum respiratory flux
compared to control (Figure 3.1B). These results indicate that the phosphorylation of PDH
correlates with a decrease in routine respiration as well as maximum respiratory flux in HepG2
cells.
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Figure 3.1. Effects of hypoxic incubation on HIF-1α, PDH phosphorylation, and oxygen
consumption in HepG2 cells. (A) Western blot analysis of HepG2 cells after 24 h of hypoxic
incubation (0.5 % O2) and then 24 h recovery under normoxic conditions after hypoxic
incubation. Amounts of HIF-1α, the phosphorylation state of PDH site 1, site 2, and β-actin
loading control are shown. (B) Rate of oxygen consumption measured under O2-saturated
conditions for HepG2 cells previously incubated under hypoxia (0.5 % O2) for 24 h. “Recovery”
indicates cells that were incubated under hypoxia for 24 followed by normoxic incubation for 24
h. Routine (endogenous) respiration, LEAK respiration (oligomycin), and maximum uncoupled
flux (ETS, titrated with FCCP) are shown. “Residual” indicates non-ETS oxygen consumption
(rotenone plus antimycin A). Values are mean ± SD for n = 3 determinations. Asterisks denote
statistically significant difference from control with P ≤ 0.05.
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The states of depressed respiration were reversed by incubation under normoxic conditions for
24 h following hypoxia; both routine respiration and ETS respiration were statistically identical
to control values after normoxic recovery (Figure 3.1B).
FG-4592 stabilizes HIF-1α and decreases mitochondrial respiration but does not increase PDH
phosphorylation
Exposure to the prolyl hydroxylase inhibitor FG-4592 for 24 h increased the amount of
cellular HIF-1α in a dose-dependent manner compared to carrier control (DMSO) (n = 1; Figure
3.2A). However, there was not an associated increase in the phosphorylation of sites 1 and 2 of
PDH (n = 1; Figure 3.2A). It is necessary to point out that this determination was made based on
qualitative assessment (Western blot) in contrast to a similar quantified observation of
desferrioxamine (Chapter 2; Borcar et al. 2013). The amount of HIF-1α was substantially
decreased by removal of FG-4592 (250 µM) and subsequent incubation for 24 h (Figure 3.2A,
Recovery). It should be noted that the viability of HepG2 cells was significantly reduced at
concentrations above 250 µM FG-4592, and thus results with higher concentrations are not
reported.
Oxygen consumption of HepG2 cells was measured after incubation for 24 h with the
indicated concentrations of FG-4592 as well as carrier control (DMSO) (Figure 3.2B). Exposure
to 50, 100, and 250 µM FG-4592 decreased routine oxygen consumption by roughly 45-50 %
(Figure 3.2B). Maximum respiratory flux of cells exposed to 100 and 250 µM FG-4592 was
similarly decreased to nearly 50 % that of cells exposed to DMSO (Figure 3.2B). Respiration
returned to control levels after 24 h of recovery in inhibitor-free medium, as tested for a 24 h
exposure to 100 µM FG-4592 (Figure 3.2B).
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Figure 3.2. Effects of FG-4592 on HIF-1α, PDH phosphorylation, and oxygen consumption in
HepG2 cells. (A) Western blot analysis of HepG2 cells exposed to the indicated concentrations
of FG-4592 for 24 h. “Rec” indicates recovery of cells that were first exposed to 250 µM FG4592 for 24 h, followed by incubation in fresh medium for 24 h without FG-4592. Amounts of
HIF-1α, the phosphorylation state of PDH site 1, site 2, and β-actin loading control are shown.
(B) Oxygen consumption values of HepG2 cells exposed to the indicated concentrations of FG4592 for 24 h. “Recovery” indicates cells that were exposed to 100 µM for 24 h followed by
incubation with fresh medium for 24 h. Routine (endogenous) respiration, LEAK respiration
(oligomycin), and maximum uncoupled flux (ETS, titrated with FCCP) are shown. “Residual”
indicates non-ETS oxygen consumption (rotenone plus antimycin A). Values are mean ± SD for
n = 3. Asterisks denote statistically significant difference from carrier control (DMSO) P ≤ 0.05.
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DMOG decreases mitochondrial respiration but does not allow immediate recovery
I have previously shown (Chapter 2; Borcar et al. 2013) that another PHD inhibitor,
DMOG, increases both the amounts of cellular HIF-1α as well as the phosphorylation of PDH in
a dose-dependent manner, although the effects were not as strong as observed with natural
hypoxia [1 % oxygen]. To extend these studies, cellular oxygen consumption was measured to
evaluate the effect of DMOG on mitochondrial respiration. Exposure to DMOG for 24 h caused
a decrease in routine respiration for all concentrations measured compared to carrier control
(DMSO), with exposures to the higher concentrations of 250 and 500 µM resulting in a decrease
of over 50% (Figure 3.3). When 500 µM DMOG was removed and the cells were allowed to
recover for 24 h, routine respiration did not return to control levels (Figure 3.3). This pattern
was also seen for ETS respiration, where again all three DMOG concentrations promoted
decreases in respiration, but recovery was incomplete (Figure 3.3). No change in cell viability
was noted at 500 µM DMOG.
Verification that MitoSNO produces nitric oxide in HepG2 cells
To assess the ability of MitoSNO to act as a source of NO• in HepG2 cells, I adopted a
procedure for this purpose basically as described by Prime et al (2009). The cells were first
allowed to consume at least 40-50% of the oxygen within the Oxygraph chambers through
routine respiration. PO2 must be sufficiently low within the environment of the respiration
chamber for NO• to competitively inhibit the binding of oxygen to Complex IV (Figure 3.4A).
The addition of 5, 10, and 15 µM MitoSNO decreased respiration in HepG2 cells under
conditions of reduced oxygen, whereas cells that received carrier control (EtOH) under identical
circumstances showed no change in oxygen flux (Figure 3.4B). Upon reoxygenation of the
chambers, the respiration of cells exposed to 5 µM MitoSNO returned to routine levels (Figure
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Figure 3.3. Effect of DMOG on oxygen consumption in HepG2 cells. Oxygen consumption
values of HepG2 cells exposed to the indicated concentrations of DMOG for 24 h are shown.
“Recovery” indicates cells that were exposed to 500 µM for 24 h followed by incubation with
fresh medium for 24 h. Routine (endogenous) respiration, LEAK (oligomycin) respiration, and
maximum uncoupled flux (ETS, titrated with FCCP) are shown. “Residual” indicates non-ETS
oxygen consumption (rotenone plus antimycin A). Values are mean ± SD for n = 3. Asterisks
denote statistically significant difference from carrier control (DMSO) with P ≤ 0.05.
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Figure 3.4. Effect of MitoSNO on oxygen consumption in HepG2 cells. (A) Representative
tracing of a respiration experiment that illustrates the effect of 10 µM MitoSNO on intact HepG2
cells. The blue trace represents oxygen concentration while the red trace depicts oxygen flux.
The chamber was opened to allow rapid reoxygenation of the medium through exposure to air
and then closed. 5 µM OxyHb was then added to the chamber at the indicated point. (B)
Oxygen consumption values of HepG2 cells exposed to the indicated concentrations of MitoSNO
as a percentage of routine respiration. After injection of MitoSNO, chambers were reoxygenated
as described, followed by addition of 5 µM OxyHb. Values are mean ± SD for n = 3. Asterisks
denote statistically significant difference from carrier control (EtOH) with P ≤ 0.05.
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3.4B). In contrast, respiration of the cells exposed to 10 and 15 µM MitoSNO exhibited only
modest recovery and remained significantly below routine levels (Figure 3.4B). Oxyhemoglobin
(OxyHb) is known for its ability to bind NO• rapidly and with high affinity (Gibson and
Roughton 1957; Cassoly and Gibson 1975; Sharma and Ranney 1978), and accordingly it was
added to the chambers in which MitoSNO was present to examine the effects of chelating free
NO• on respiration (Figure 3.4). The addition of 5 µM OxyHb to reoxygenated chambers
containing 10 or 15 µM MitoSNO caused a sharp increase in oxygen flux and returned cellular
respiration rate to routine levels; OxyHb had no effect on cells treated with either carrier control
or 5 µM MitoSNO that during reoxygenation were already at routine levels (Figure 3.5B). These
results strongly support the ability of MitoSNO to serve as a NO• donor within the mitochondria
of HepG2 cells.
MitoSNO attenuates ROS production caused by hypoxia/reoxygenation
The final link was to test whether MitoSNO could depress the ROS burst anticipated
immediately upon reoxygenation of HepG2 cells after hypoxia preconditioning. Based on the
previous work with ischemia in cardiac tissue reviewed earlier, MitoSNO acts by nitrosation of
the ND3 subunit of Complex I under hypoxia, which delays reactivation of the enzyme during
reperfusion. The initial form of ROS produced by the ETS is the superoxide anion, which in the
case of Complex I, is released exclusively into the mitochondrial matrix. DHE is oxidized when
exposed to superoxide, and as a result emits a red fluorescence. An increase in fluorescence
intensity of oxidized DHE indicates increased superoxide production (Chouchani et al. 2014).
When compared to HepG2 cells that were never exposed to hypoxia, the fluorescence intensity
of DHE increased significantly in cells exposed to hypoxia plus reoxygenation, and in cells given
the same hypoxia/reoxygenation regime but treated with carrier control (EtOH) (Figure 3.5).
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Figure 3.5. Superoxide generation by HepG2 cells, as measured by fluorescence intensity of
oxidized dihydroethidium (DHE), during reoxygenation after hypoxic incubation (0.5 % O2).
HepG2 cells were incubated under hypoxic conditions for 24 h. While still under hypoxia, cells
were then exposed to 10 µM DHE, and some were treated with 10 µM MitoSNO or carrier
control (EtOH), and then switched to normoxic incubation for 10 min after which measurements
were made. A parallel plate that was never exposed to hypoxia was used as a control
(‘Normoxia’). Values are mean ± SD for n = 3. Asterisks denote statistically significant
difference from normoxic control with P ≤ 0.05.
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However this increase in ROS was completely eliminated when 10 µM MitoSNO was
administered prior to reoxygenation (Figure 3.5). These results demonstrate that a return of
oxygen after prolonged hypoxia does increase superoxide generation in HepG2 cells.
Importantly, this ROS production is strongly attenuated by addition of MitoSNO, which in all
probability is a result of short-term inhibition of Complex I by S-nitrosation.
3.4 Discussion
There are two major aspects of metabolic preconditioning that are highlighted in this
chapter. The first involves long-term (24 h) induction of the HIF-1 response by hypoxia (and
less effective chemical mimetics), which serves to depress cellular respiration in part through
effects on PDH activity. The second feature is the prevention of the deleterious ROS burst that
occurs during reoxygenation, which is accomplished by locking Complex I in the deactivated
state by S-nitrosating its ND3 subunit with NO• provided by MitoSNO under hypoxia. In this
way, the function of Complex I is temporarily depressed during the early phase of normoxic
recovery thereby limiting ROS generation by NADH dehydrogenase during this critical phase. I
have shown that incubation of HepG2 cells under hypoxia decreases oxygen consumption by the
mitochondria via the HIF-1 transcriptional pathway and that the effect is reversed by 24 h of
reoxygenation. Some features of this HIF response are generated with the PHD inhibitors FG4592 and DMOG, but the overall results are less satisfactory than those with natural hypoxia.
Finally, I have shown that MitoSNO serves as a donor of NO• within the mitochondria of HepG2
cells and that this agent prevents the ROS burst in HepG2 cells that occurs in HepG2 cells during
reoxygenation.
Results indicate that in order to induce a genuine and reversible HIF-1 response, exposure
of cells to natural hypoxia is the most desirable option. The HIF-1 response elicited by hypoxia
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displayed all the key features anticipated, which included elevated HIF-1α, increased
phosphorylation at both key phosphorylation sites of PDH, reduced cell respiration, and full
cellular recovery from the treatment. The PHD inhibitors tested were all less effective in various
ways. Although FG-4592 (Roxadustat) increased cellular amounts of HIF-1α (Figure 3.2A) and
decreased oxygen consumption in a reversible fashion (Figure 3.2B), it did not noticeably
increase the phosphorylation of sites 1 and 2 of PDH (Figure 3.2A). Exposure to concentrations
of FG-4592 above those reported in this study greatly decreased the viability of HepG2 cells; it is
possible this compound has uncharacterized effects on cells beyond PHD inhibition that could
explain the observed decrease in respiration. FG-4592 is a relatively new product designed to be
an oral PHD inhibitor and used as a treatment for anemia. It is presently going through clinical
trials and has been shown to promote erythropoiesis (Besarab et al. 2015; Provenzano et al.
2016a; Provenzano et al. 2016b), a pathway that is activated by HIF-1. Cells that were exposed
to DMOG exhibited a significant decrease in oxygen consumption (Figure 3.3) with this PHD
inhibitor, as well as the anticipated increase in PDH phosphorylation. However, unlike cells
treated with either FG-4592 or exposed to true hypoxia, cellular respiration in HepG2 cells did
not return to control levels after 24 h removal from DMOG (Figure 3.3). A recent study by
Zhdonav et al (2015) has described rapid inhibitory effects on mitochondrial respiration caused
by DMOG treatment. These effects happen within minutes of treatment, and are therefore not
the product of the HIF-1 transcriptional pathway (Zhdanov et al. 2015). In Chapter 2, I showed
that desferrioxamine and cobalt chloride also may not serve as reliable mimics of hypoxia in
terms of their lack of influence on some downstream targets of HIF-1 in certain cell types
(Borcar et al. 2013), even though they have traditionally also been used for this purpose
(Goldwasser et al. 1958; Goldberg et al. 1987; Goldberg et al. 1988; Wang and Semenza 1993a).
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My results underscore the potential pitfalls inherent in attempts to mimic a physiological
response with artificial agents.
Hypoxia itself does have one clear drawback. It can impose oxidative stress on cells
through mitochondrial ROS production once oxygen returns. This characteristic required
additional intervention with a mitochondrial-targeted S-nitrosating agent. Indeed I have shown
for HepG2 cells that superoxide is generated by HepG2 cells during reoxygenation after a
hypoxic bout (Figure 3.6). Results indicate that MitoSNO is a donor for NO• within the
mitochondria of HepG2 cells, as judged by NO• competition with oxygen at Complex IV
(Figure 3.5). This effect was underscored by the addition of oxyhemoglobin (OxyHb), which
removed the NO• and returned respiration to routine levels (Figure 3.5). I have also found that
addition of MitoSNO to HepG2 cells attenuates the production of superoxide associated
hypoxia/reoxygenation (Figure 3.7), which is likely caused by the maintenance of the deactivated
form of Complex I due to S-nitrosation of the ND3 subunit (Chouchani et al. 2013). Therefore
hypoxic incubation appears to be a viable method to precondition HepG2 cells, so long as
MitoSNO is added prior to reoxygenation.
As will be evaluated in Chapter 4, the end goal is to apply hypoxic preconditioning to
increase survivorship after desiccation via spin-drying and immediate rehydration. Spin-drying
has been shown to be a promising method for the rapid and uniform removal of cellular water
(Chakraborty et al. 2011a; Chakraborty et al. 2011b; Li et al. 2012). There is a potential for
oxidative stress during rehydration because cellular oxygen limitation is continued through the
spin-drying step due to the dry nitrogen environment used to quickly and efficiently decrease
water content in the sample (Chakraborty et al. 2011a). Once the spin-dried cells are exposed to
oxygen in the rehydration medium, ROS generated from the reactivated ETS could potentially
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cause damage and decrease cell viability after rehydration. Thus, addition of MitoSNO
immediately before spin drying (at the end of hypoxia preconditioning) should improve recovery
after rehydration. Enhancement of growth profiles in cells over the intervening days following
acute desiccation would be an encouraging measure of improved cellular performance.
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CHAPTER 4
MITOSNO AND HYPOXIA PRECONDITIONING INCREASE PROLIFERATION RATE OF
MAMMALIAN CELLS AFTER SPIN-DRYING
4.1 Introduction
Spin-drying is a promising new method in the expanding field of lyopreservation
(Chakraborty et al. 2011a; Chakraborty et al. 2011b; Li et al. 2012). Utilizing this technique, a
majority of cellular water can be removed from mammalian cells in an efficient and uniform
fashion (Chakraborty et al. 2011a). Mechanisms employed by anhydrobiotic organisms have
been adopted in attempts to improve desiccation tolerance to desiccation-sensitive mammalian
cells, such as the accumulation of stabilizing solutes such as trehalose (Yancey et al. 1982; Clegg
2005; Yancey 2005) and the expression of protective proteins (Ma et al. 2005; Tunnacliffe et al.
2005; Clegg 2011; Hand et al. 2011b). Many anhydrobiotic organisms also cease development
and downregulate metabolism before desiccation (Hochachka and Guppy 1987; Clegg et al.
1996; Hand and Hardewig 1996; Hand et al. 2011a), which can offer multiple advantages
including conservation of energy stores. In this chapter I will investigate the impact of hypoxic
preconditioning and the nitrosating agent MitoSNO on survivorship and growth of HepG2 cells
after spin-drying. As shown in Chapter 3, MitoSNO depresses the burst of ROS production
associated with reoxygenation after hypoxic incubation.
The potential benefits of lyopreservation over traditional cryopreservation have been
previously described (Chapter 1). During spin-drying adherent cells are quickly spun on a
coverslip in a dry environment, which causes the cells to lose a majority of cellular water in a
uniform fashion (Chakraborty et al. 2011a; Li et al. 2012). The details of this approach have
been reviewed in Chapter 1. However, because mammalian cells are not naturally desiccation
tolerant, additional approaches are required to enhance mechanisms for coping with water stress.
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There are organisms from a variety of phyla that are able to withstand desiccation (Crowe and
Clegg 1978; Yancey et al. 1982; Crowe et al. 1992; Potts 1994; Hand et al. 2011a). Embryos of
the brine shrimp Artemia franciscana display a prodigious tolerance to desiccation, as they have
the ability to survive for years in the desiccated state (Clegg and Conte 1980; Clegg et al. 1996;
Clegg 2005). In response to environmental cues, development of these embryos is halted at the
gastrula stage, and upon release from the mother the embryos will enter the genetically
programmed state known as diapause (Clegg and Conte 1980; Clegg 2005; Qui and Macrae
2010), during which they exhibit a precipitous decrease of metabolism to barely measureable
levels within a few days (Clegg et al. 1996; Patil et al. 2013). Concurrently, they accumulate
vast amounts of the disaccharide trehalose, their primary metabolic fuel (Dutrieu 1960;
Muramatsu 1960; Emerson 1963; Clegg 1964; Carpenter and Hand 1986; Patil et al. 2013), as
well as express many protective proteins, including Late Embryogenesis Abundant (LEA)
proteins (Hand et al. 2007; Menze et al. 2009; Warner et al. 2010; Hand et al. 2011b; Warner et
al. 2012; Boswell et al. 2014a). Many of the embryos then wash ashore where they overwinter in
the desiccated state.
Trehalose has been shown to stabilize biological structures in vitro during desiccation
(Sun et al. 1996; Crowe et al. 2005; Tapia and Koshland 2014). Previous work has shown that
introduction of a trehalose transporter (TRET1) from the anhydrobiotic chironomid Polypedilum
vanderplanki facilitates trehalose uptake in mammalian cells (Kikawada et al. 2007), which
improves tolerance to desiccation (Guo et al. 2000; Chakraborty et al. 2011b; Chakraborty et al.
2012; Li et al. 2012). However not all anhydrobiotic organisms accumulate protective
disaccharides (Bewly and Black 1994; Linders et al. 1997; Lapinksi and Tunnacliffe 2003).
Some species utilize proteins to provide stability during desiccation (Higa and Womersley 1993;
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Browne et al. 2002; Browne et al. 2004) and others utilize a combination of sugars and proteins.
Embryos of A. franciscana fall into the latter category, as they express a large variety of
protective proteins while in the diapause state (Clegg 2011). In addition to α-crystallin stress
proteins, multiple families of Late Embryogenesis Abundant (LEA) proteins are also found
(Hand et al. 2007; Menze et al. 2009; Warner et al. 2010; Hand et al. 2011b; Warner et al. 2012;
Boswell et al. 2014a; Hand et al. 2016a).
First discovered in cotton seeds (Galau et al. 1986), LEA proteins have since been found
in a variety of desiccation-tolerant organisms, including animals such as nematodes (Browne et
al. 2002; Browne et al. 2004; Gal et al. 2004), rotifers (Tunnacliffe et al. 2005; Denekamp et al.
2010), P. vanderplanki (Kikawada et al. 2006), and A. franciscana. There are commonly
multiple LEA proteins expressed within a given species, likely as a means to target and protect
different subcellular compartments and macromolecules. Accumulation of LEA proteins in
animals correlates with desiccation-tolerant stages of development (Tunnacliffe and Wise 2007;
Hand et al. 2011b). LEA proteins are highly hydrophilic and exhibit predominantly random coil
structure while hydrated (Li and He 2009; Boswell et al. 2014a). Once water is removed and
they have gained secondary structure, LEA proteins have been shown to prevent protein
aggregation (Goyal et al. 2005; Furuki et al. 2012) and preserve enzyme function (Grelet et al.
2005; Boswell et al. 2014a). There is also evidence that LEA proteins work synergistically with
trehalose to stabilize sugar glasses (Hoekstra 2005; Shimizu et al. 2010) and protect lipid
bilayers more successfully than trehalose alone (Moore et al. 2016). LEA proteins from A.
franciscana expressed in mammalian cells have been shown to stabilize plasma membrane
integrity during spin-drying. In conjunction with trehalose, LEA proteins have increased the
proliferation of HepG2 cells that were spin-dried and immediately rehydrated (Li et al. 2012).
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Hypoxia preconditioning decreases mitochondrial respiration via the HIF-1
transcriptional pathway, but reoxygenation after hypoxia causes an increase in mitochondrial
ROS production (Chapter 3). This ROS burst is attenuated by the addition of the S-nitrosating
agent, MitoSNO, before oxygen is restored. For HepG2 cells provisioned with trehalose and
AfrLEA2, I demonstrate that hypoxia preconditioning increases the proliferation after spindrying compared to cells with no metabolic preconditioning. Growth is further enhanced by
application of MitoSNO prior to the reintroduction of oxygen.
4.2 Methods
Cell Culture
Human hepatocellular carcinoma (HepG2) cells were obtained from ATCC (Manassas,
VA, USA). Culture methods were identical to those described in Chapter 3. These cells were
modified by Li et al. (2012) to constitutively express the TRET1 trehalose transporter and also to
express AfrLEA2 under control of a tetracycline-inducible system. AfrLEA2 expression was
induced for 72 h with 1 µg/mL doxycycline (Clontech). During the final 24 h before spin-drying
(see below), cells were also incubated with 50 mM trehalose (Ferro Pfanstiehl, Waukegan, IL).
Metabolic Preconditioning
In order to examine the effects of hypoxic preconditioning on spin-dried HepG2 cells,
culture dishes containing seeded cover slips were transferred to a modular incubator chamber
(Model MIC-101; Billups-Rothenberg, Del Mar, CA, USA) and equilibrated with a gas mixture
composed of 0.5 % oxygen, 5 % carbon dioxide, and the balance nitrogen (premixed gas
obtained from Airgas). The chamber containing culture plates was flushed with the above gas
mixture for 30 min at a flow rate of 9.5 L/min and incubated for 3 h at 37 °C to allow
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equilibration of culture medium with the gas phase. The chamber was flushed again for 30 min
and then the cells incubated for 21 h at 37 °C.
Some cells also received 10 µM MitoSNO or carrier control (EtOH) while under hypoxia
just prior to spinning. After 24 h exposure to hypoxia, the modular incubator chamber was
placed in a glove bag (Alfa-Aesar; Ward Hill, MA, USA) that was purged with hypoxia gas (0.5
% oxygen, 5 % carbon dioxide, balance nitrogen). The chamber was opened under these
hypoxic conditions in the glove bag and 10 µM MitoSNO or carrier control was added. Plates
were then gently agitated in order to facilitate uniform contact to treatment and placed outside of
the incubator chamber, which was then resealed in the closed glove bag to maintain the internal
hypoxic environment. The glove bag was then opened and treated cover slips were removed.
Exposure to light was kept at a minimum for all MitoSNO studies by conducting experiments in
a room without lights. All cells were immediately rehydrated in fully complemented medium
after spinning and placed in the cell culture incubator. MitoSNO (10 µM) or carrier control
(EtOH) was added to the rehydration medium of cells that were exposed to either of those
treatments prior to spinning.
Spin-Drying of HepG2 Cells
Approximately 100,000 HepG2 cells were applied to individual round glass coverslips
(22-mm diameter, collagen-coated; BD BioCoat catalog no. 354089; BD Biosciences, Franklin
Lakes, NJ) and allowed to attach as monolayers and grow to approximately 70-80 % confluency.
Coverslips were held in 35-mm tissue culture dishes (Corning Inc, Corning, NY). Cells were
prevented from attaching to the outer 2 mm of the coverslips by applying Press-to-Seal silicone
isolators with a circular opening of 20 mm diameter (Thermo Fisher). Because residual water
content is at the edge of the spin-dried coverslip is high due to surface tension (‘edge effect’;
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Chakraborty et al. 2011b), cells were excluded from this region to avoid any impact on estimates
of cell viability due to this artifact. Immediately before spin-drying, cell culture medium was
removed and cells were washed with room temperature phosphate buffered saline (PBS). Cover
slips were placed on the vacuum chuck of a commercially available spinning machine (Brewer
Science model Cee 200; Brewer Science, Rolla, MO). Cells were then covered in spin-drying
overlay solution (1.8 M trehalose, 10 mM KCl, 5 mM glucose, 20 mM Hepes, and 120 mM
choline chloride; pH 7.4). Cover slips were spun at 1000 rpm for 25 s followed by 3000 rpm for
5 s, while continuously purged with dry nitrogen at 4.7 L/min (ultra-high purity; Airgas, The
Woodlands, TX, USA). The increased speed for 5 s was used to minimize the extent of the
‘edge effect’ described earlier.
Gravimetric Analysis of Residual Water after Spin-Drying
Bulk gravimetric analysis was performed using a high precision analytical balance
(Metler Toledo Model AG153; Metler Toledo, Columbus, OH). Initial mass of the coverslips
was recorded before cells were seeded. Just prior to spinning, 0.5 mL trehalose overlay solution
was applied over cells, and slips were then spun under the conditions described in Table 4.1.
Samples were weighed immediately after spinning. In order to remove residual water, slips were
then placed in a 90 °C oven for 8 h and weighed again. Residual water mass was calculated as
the difference between the mass of the slips immediately after spinning and the mass of the slips
removed from the oven. Dry mass was calculated as the difference between the mass of the slips
removed from the oven and the mass of the slips before cells were attached.
Assessment of Membrane Integrity
Membrane integrity of spin-dried cells was measured using two nucleic acid stains, Syto13 (Thermo Fisher) and ethidium bromide (Thermo Fisher). A solution of 125 µM Syto-13 and
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100 µg/mL ethidium bromide in PBS was applied directly to cover slips immediately after
spinning. Syto-13 is a cell permeant nucleic acid stain, whereas ethidium bromide is unable to
penetrate intact cell membranes. The co-localization of Syto-13 (green) and ethidium bromide
(red) within the cells indicated compromised membrane integrity (yellow/orange). Cells were
visualized with an Olympus BX51 polarizing microscope (Olympus, Tokyo, Japan) outfitted
with a reflected light fluorescence attachment (Olympus) and a GFP/FITC long-pass filter
(Chroma, Bellows Falls, VT) to co-visualize stains. Micrographs were captured with a QICAM
Fast 1394 digital camera (Q Imaging, Surrey, BC, Canada).
Growth profiles of cells after spin-drying
Immediately after spinning, cover slips were placed in 35-mm tissue culture dishes with
fully complemented medium and transferred to a cell culture incubator (day 0). Growth profiles
were acquired by removing three culture dishes for each treatment at days 1, 3 and 7 and
performing cell counts. Cells were detached with 0.25 % trypsin-EDTA solution and counted
with a hemocytometer (Hausser and Son, Philadelphia, PA, USA).
Statistical analyses
Analyses were performed with GraphPad Prism statistical software (ver 5.04, Graphpad
Software, La Jolla, CA, USA), and significance was calculated by two-way analysis of variance
(ANOVA) followed by Bonferroni’s test for multiple comparisons. A P value of ≤ 0.05 was
considered significant.
4.3 Results
Spinning Regimes
For the present studies, a spinning regime of 25 s at 1000 rpm plus 5 s at 3000 was used
while continuously purging the chamber with dry nitrogen at 4.7 L/min. Based on gravimetric
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analysis this procedure yielded a residual water content of 0.225 ± 0.02 g H2O/g dry mass (Table
4.1). For comparison, a fully hydrated cell with a water content of 70% would contain 2.3 g
H2O/g dry mass. While water content after spin-drying was higher than the value of 0.12 g
H2O/g dry mass produced by the procedure of Li et al. (2012), this residual water content
ensured adequate cell survivorship for the current studies. A membrane integrity of 43.5 ± 8.7 %
(n = 12) was observed for the spin-dried cells that expressed AfrLEA2 and were loaded with 20
mM intracellular trehalose (Figure 4.1A). Meanwhile cells that received no intracellular
trehalose and did not express AfrLEA2 exhibited a membrane integrity of 12.1 ± 5.3 % (n = 12)
after this spinning regime (Figure 4.1B). Elevating the speed to 3000 rpm during the final 5 s
helped to remove excess trehalose solution from the outer edges of the cover slips and minimize
the “edge effect” described earlier. This excess solution at the margins would otherwise
introduce error into gravimetric analysis. The additional high-speed segment during the last
stage of spin-drying has no effect on the viability of cells (N. Chakraborty, personal
communication). Additional alterations to the spinning regime were tested to evaluate the effects
of different settings on residual water content (Table 4.1) and viability of cells after drying. For
example, spin-drying at 1000 rpm for 55 s plus 5 s at 3000 rpm, under a constant 7.3 L/min
purge of dry nitrogen, yielded a water content of 0.184 ± 0.013 g H2O/g dry mass (Table 4.1).
Hypoxic Preconditioning and MitoSNO Increase Growth Rate of HepG2 cells after Spin-Drying
Growth studies were conducted across several days after spin-drying to assess the effects
of hypoxia preconditioning with and without 10 µM MitoSNO on cellular outcomes. Cells were
rehydrated by transferring to growth medium at day 0. Cell counts were then performed at days
1, 3, and 7. On days 1 and 3, the counts for cells that were preconditioned with hypoxia, with
hypoxia plus MitoSNO, or with hypoxia with carrier control (EtOH) were not statistically
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Table 4.1. Gravimetric analysis of residual water after spin-drying at different spinning regimes.
Values represent the means ± SE of 6-8 independent determinations.
Spinning regime

Nitrogen flow rate
(L/min)

Residual water content
g H2O/g dry mass

55s at 1000 rpm, 5 s at 3000 rpm

7.3

0.184 ± 0.013

55s at 1000 rpm, 5 s at 3000 rpm

12.5

0.181 ± 0.009

55 s at 1500 rpm, 5 s at 3000 rpm

12.5

0.262 ± 0.021

55 s at 2000 rpm, 5 s at 3000 rpm

12.5

0.208 ± 0.011

70 s at 1000 rpm, 5 s at 3000 rpm

7.3

0.195 ± 0.014

85 s at 1000 rpm, 5 s at 3000 rpm

7.3

0.196 ± 0.007

25 s at 1000 rpm, 5 s at 3000 rpm

4.7

0.225 ± 0.02
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Figure 4.1. Fluorescent micrograph of spin-dried HepG2 cells visualized with Syto-13 and
ethidium bromide. Cells were spun at a regime of 1000 rpm for 25 s followed by 3000 rpm for 5
s, under a nitrogen purge at 4.7 L/min. Cells were stained with Syto-13 and ethidium bromide
immediately after rehydration. Green color indicates intact cell membranes. Orange/yellow
indicates compromised membranes. (A) HepG2 cells were loaded with 20 mM trehalose and
induced with doxycycline for 72 h to express AfrLEA2. (B) HepG2 controls cells not loaded
with trehalose and not expressing AfrLEA2.
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different from control cells (pre-incubated under normoxia during the preconditioning period)
(Figure 4.2A). However, by day 7, the cells that were preconditioned with hypoxia had a
significantly greater growth rate (higher cell numbers) compared to control cells (Figure 4.2A).
Meanwhile the cells that received 10 µM MitoSNO plus hypoxia preconditioning had the highest
counts on day 7, which were significantly above those for cells that were either preconditioned
with hypoxia or that were hypoxia preconditioned and received carrier control (EtOH) (Figure
4.2A). It is important to note that, prior to spin-drying, proliferation was slowed for cells that
received the 24 h period of hypoxia preconditioning as compared to control (normoxic) cells
(Table 4.2). The impact of hypoxia on growth was fully anticipated during this period of energy
limitation. Thus the enhanced proliferation for hypoxia preconditioned cells (with or without
MitoSNO) observed during the post-drying growth study is conservative: treatment groups preincubated under hypoxia began the growth experiment with 25% fewer cells than normoxic
controls (Table 4.2). Yet even after only 24 h of growth (day 1), the number hypoxia
preconditioned cells had drawn statistically even with control cells, and then far surpassed
control numbers by day 7. The study was repeated with independent cultures of cells (trial 2) in
order to further confirm the effects of preconditioning and MitoSNO on the growth profiles of
these cells after spin-drying. The general pattern across days 1-7 after spinning and rehydration
was quite reproducible, the only difference being that at day 7 there was no significant difference
between normoxic controls and cells that were preconditioned with hypoxia without MitoSNO
(Figure 4.2B). The survivorship of cells that were preconditioned with hypoxia and received
MitoSNO was again significantly greater than the other groups (Figure 4.2B). By normalizing
the experimental treatments to the control cells set to 100%, the trials could be combined (Table
4.3). The results indicate a significant effect of hypoxia preconditioning on the growth profiles
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Figure 4.2. Growth profiles of HepG2 cells after spin-drying and immediate rehydration. Cells
were spun and rehydrated at day 0 in fully complemented cell culture medium and incubated in a
5 % CO2 cell culture incubator at 37 °C. (A) First trial. (B) Second trial with an independent set
of cell cultures. Each data point represents mean ± SD, for n = 3 determinations. Asterisk
denotes significant difference from Control (normoxia). Double asterisk denotes significant
different from hypoxia, carrier control (EtOH), and normoxia. P ≤ 0.05.
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Table 4.2. Influence of hypoxia on proliferation of HepG2 cells. Control (normoxic) cells
received 21% O2 for a 72 h period, while hypoxic cells received 21% O2 for 48 h followed by
0.5% O2 for 24 h. In order to replicate the conditions used prior to spin-drying, equal numbers of
cells were seeded on cover slips and allowed to grow for a 72 h period in the presence of 1
µg/mL doxycycline, and 50 mM trehalose was added for the final 24 h of incubation. Cell
counts were performed at the end of the 72 h, and values are means ± SD (n = 3). Asterisk
denotes significant difference from normoxia (P ≤ 0.05).
Normoxia

Hypoxia

307000 ± 1400 cells

230000 ± 11000 cells *
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Table 4.3. Growth of HepG2 cells after spin-drying and rehydration. Values for cell counts are
expressed as percent of normoxic controls at Day seven of cell culture. Cell counts from both
trials shown in Fig. 4.3 are combined. Values represent mean ± SD, n = 6. Asterisk denotes
significant difference from normoxic controls (set to 100%). (P ≤ 0.05).

Normoxia

100 ± 14.5 %

Hypoxia
(0.5% oxygen)
preconditioning

132.6 ± 15.0 % *

Hypoxia (0.5% oxygen)
preconditioning plus
carrier control (EtOH)

Hypoxia (0.5% oxygen)
preconditioning
plus MitoSNO (10 µM)

137.0 ± 14.1 % *

183.1 ± 18.3 % *
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of cells after spin-drying and confirm the positive impact of hypoxia preconditioning combined
with MitoSNO.
4.4 Discussion
The major findings of this chapter are the enhancement of growth profiles of HepG2 cells
that have undergone hypoxic preconditioning prior to spin-drying and rehydration, and the
observation that growth is significantly increased when MitoSNO is added to cells prior to
reoxygenation. Metabolic preconditioning would not be expected to influence integrity of the
plasma membrane maintenance immediately upon rehydration, since its primary impacts would
likely be attenuation of ROS production during the first hour after reoxygenation, and
importantly, minimizing problems like apoptosis that require hours and days to manifest. My
results indicate that hypoxia preconditioning and MitoSNO play a significant role in the
enhancement of growth profiles after spin-drying and rehydration of HepG2 cells.
The positive effect of hypoxia preconditioning on the growth profiles of HepG2 cells is in
line with a previous study by Menze et al. (2010), which is to my knowledge the only published
report that describes a beneficial effect of metabolic preconditioning prior to water stress. In that
study, pre-treatment with 5-aminoimidazole-4-carboxamide-1-b-D-ribofuranoside (AICAR)
increased the viability of several mammalian cell types, including HepG2/C3A cells and primary
hepatocytes, after freezing (Menze et al. 2010). AICAR is readily loaded into cells (Gadalla et
al. 2004; Menze et al. 2010), where it can be converted by phosphorylation to the AMP
analogue, ZMP (Vincent et al. 1991; Menze et al. 2010). ZMP activates the AMP-activated
protein kinase (AMPK) which leads to the conservation of energy stores through inhibition of
anabolic pathways and cell proliferation (Hardie 2007; Hardie et al. 2012). Menze et al (2010)
demonstrated that decreasing cell proliferation with AICAR prior to freezing improved cell
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viability and growth after thawing. Interestingly, there is evidence that AMPK activation is a
component of the hypoxia response in mammalian cells (Emerling et al. 2009; Mungai et al.
2011).
The impact of MitoSNO in conjunction with hypoxia preconditioning was likely
mediated by maintaining Complex I in a deactivated state during reoxygenation, which
prevented the surge of ROS associated with normoxic recovery (Chapter 3, Figure 3.5). It is
relevant to point out that AICAR-induced increase of ZMP has also been shown to directly
inhibit Complex I (Guigas et al. 2007), which could potentially play similar role in the
attenuation of ROS generation. Excess ROS production can lead to damage of DNA and
macromolecules and ultimately apoptosis. In future studies it could be revealing to directly
compare levels of apoptosis after spin-drying between control cells and those benefitting from
hypoxia preconditioning. The management of oxidative stress is a necessary aspect for the
survival of anhydrobiotic organisms (Kranner and Birtić 2005; França et al. 2007; Cornette et al.
2010; Erkut et al. 2013), but dehydration-sensitive mammalian cells seem less well-equipped
with these protective mechanisms. Clearly the addition of MitoSNO improved the outcome for
desiccated cells in the present study. It is also likely that hypoxia preconditioning contributed to
lowering ROS as well by shunting metabolism away from the ETS and oxidative
phosphorylation through induction of the HIF-1 pathway.
Metabolic preconditioning is an aspect of anhydrobiosis that likely contributes to the
recovery of organisms once development resumes, but it may not contribute to the goal of longterm stability of desiccated mammalian cells at ambient temperature. Trehalose improves the
membrane integrity of dried mammalian cells (Chakraborty et al. 2011b; Chakraborty et al.
2012; Li et al. 2012), but survival drops if the cells are not immediately rehydrated. It is likely
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that the amount of trehalose needed for long-term stability in the dried state is several-fold higher
than the 20 mM accumulated through the TRET1 trehalose transporter (Li et al. 2012). Fourier
Transform Infrared (FTIR) spectroscopy measurements showed that the glass transition
temperature (Tg) of spin-dried samples with this amount of trehalose is 4.5 °C, which indicated
that the cells are not in a vitrified state at room temperature (Li et al. 2012). This finding is
supported by the observation that long-term survival is increased if these cells are immediately
exposed to cryogenic temperatures (Chakraborty et al. 2011b). An increase in intracellular
trehalose concentration could raise the Tg considerably (Chen et al. 2000). For example, A.
franciscana embryos have an intracellular trehalose concentration of approximately 400 mM
(Carpenter and Hand 1986). Work to increase the intracellular accumulation of trehalose is
ongoing and will be discussed further in Chapter 5.
LEA proteins are another natural ingredient in the repertoire of anhydrobiotic animals
that have been used to improve short-term desiccation tolerance in mammalian cells. Li et al.
(2012) reported that two LEA proteins from A. franciscana conferred some amount of tolerance
to the membranes of HepG2 cells even without trehalose, although addition of trehalose
improved membrane integrity in the case of AfrLEA2 and was necessary to see enhanced
proliferation with either AfrLEA2 or the mitochondria-targeted AfrLEA3m (Li et al. 2012).
However long-term stability in the dried state was not achieved even with the combination of
trehalose and either LEA protein. A. franciscana embryos express a variety of LEA proteins
(Hand et al. 2007; Menze et al. 2009; Warner et al. 2010; Boswell et al. 2014b), possibly as a
means to protect different subcellular compartments. LEA proteins also play a role in protecting
lipid bilayers as has been reported for AfrLEA2 and AfrLEA3m (Li et al. 2012; Moore et al.
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2016). A combination of different LEA proteins might increase the stability of dried mammalian
cells at room temperature, a hypothesis currently being tested.
Finally, trehalose and LEA proteins are just two mechanisms utilized by embryos of A.
franciscana to withstand and recover from desiccation. For instance the α-crystallin stress
protein p26 has been shown to confer desiccation tolerance on mammalian cells when used in
concert with trehalose (Ma et al. 2005); it also inhibits apoptosis during drying and rehydration
(Villeneuve et al. 2006). The ferritin homologue artemin is a molecular chaperone that also has a
role in desiccation tolerance (King et al. 2014). The insect P. vanderplanki displays a vast array
of mechanisms to survive extreme water stress besides accumulation of trehalose and LEA
proteins (Cornette et al. 2010; Gusev et al. 2014), such as aquaporins that regulate the loss of
water during dehydration (Kikawada et al. 2008). Recent work with Caenorhabditis elegans has
provided an in-depth look at the expression mechanisms associated with desiccation tolerance,
including the increased expression of several thioredoxins that take part in ROS detoxification
and the upregulation of unsaturated fatty acid synthesis to increase the stability of membranes
(Erkut et al. 2013). In summary there are many avenues still to be investigated to increase the
long-term stability of desiccated mammalian cells, but the observations reported in this chapter
should be useful in the ongoing research of lyopreservation of mammalian tissue. The work
demonstrates the positive impact of hypoxia preconditioning on cell proliferation during
recovery from dehydration, and ROS attenuation by MitoSNO increases that impact
significantly.
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS
The results presented in this dissertation demonstrate that hypoxic preconditioning has a
positive impact on the growth profiles of HepG2 cells after spin-drying, and that attenuation of
reactive oxygen species (ROS) during reoxygenation increases cell proliferation even further.
Different avenues for metabolic preconditioning were explored to test the hypothesis that a
suppression of mitochondrial oxidative phosphorylation before desiccation would lead to
increased survivorship of mammalian cells after rehydration.
In Chapter 2 the classic hypoxia mimetics cobalt chloride (CoCl2) and desferrioxamine
were examined and compared to true hypoxia (1 % oxygen). While both CoCl2 and
desferrioxamine increased HIF-1α in HepG2 cells, desferrioxamine did not increase the
phosphorylation of PDH substantially, and CoCl2 markedly decreased it by lowering the
expression of a kinase responsible for its phosphorylation (PDK2). CoCl2 similarly
dephosphorylated PDH in two other mammalian cell types, specifically NIH/3T3 mouse
fibroblasts and J774 mouse macrophages. A third hypoxia mimetic, DMOG, caused an increase
in both HIF-1α and PDH phosphorylation. However these increases were not as robust as under
true hypoxia.
Chapter 3 expanded the investigation into the prospective metabolic preconditioning
candidates initially examined in Chapter 2, specifically DMOG and hypoxia, as well as the novel
prolyl hydroxylase (PHD) inhibitor FG-4592 (Roxadustat). Since the ability to resume regular
metabolism is a necessity after desiccation and rehydration, the capacity for HepG2 cells to
recover from these treatments was evaluated through measurement of mitochondrial respiration.
The results of these studies indicated that FG-4592 increased HIF-1α but not phosphorylation of
PDH, although it did cause reversible suppression of mitochondrial respiration through an
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unknown mechanism (see below). In contrast to FG-4592, respiration did not return to control
levels after 24 h removal of DMOG, although a recent study has shown that the effects of
DMOG are not exclusively based on the HIF-1 expression pathway (Zhdanov et al. 2015).
The physiological basis for the decrease in respiration caused by FG-4592 is unclear, but
there are possibilities that could be explored. Although the results in this dissertation indicate
HIF-1α is not the sole signal transducer for every aspect of the hypoxia response, artificial agents
that promote HIF-1α stability have been shown to activate certain hypoxia-induced pathways,
such as the previously mentioned erythropoiesis pathway (Goldwasser et al. 1958; Miller et al.
1974; Goldberg et al. 1987; Wang and Semenza 1993; Besarab et al. 2015; Provenzano et al.
2016). Therefore FG-4592 and other hypoxia mimetics might decrease mitochondrial respiration
through mechanisms other than inhibition of PDH. For instance, pyruvate kinase M2 (PKM2) is
a HIF-1 transcription target and coactivator that has been reported to increase the expression of
glycolytic enzymes and shunt glucose towards biosynthesis (David et al. 2010; Luo et al. 2011).
Nitric oxide (NO•) synthase is also upregulated under hypoxia (Kitakaze et al. 1995; Jung et al.
2000), which leads to increased NO• and possible suppression of mitochondrial respiration
(Cleeter et al. 1994; Palacios-Callender et al. 2004). Additionally, as mentioned in Chapter 4,
AMPK activation is a possible component of the hypoxia response (Emerling et al. 2009;
Mungai et al. 2011) and could result from an increase of HIF-1α (Yan et al. 2012).
Taken together, the results indicated that true hypoxia was the only treatment to
metabolically precondition cells in an identifiable and reversible manner. However, the return of
oxygen after hypoxic treatment caused an increase in cellular ROS generation, which has
traditionally been viewed as a nonspecific response of ischemic mitochondria to reperfusion. A
recent study by Chouchani et al. (2014) challenges that notion and identifies succinate
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accumulation during ischemia as a controlling factor in reperfusion-driven ROS generation.
Reversal of succinate dehydrogenase (SDH) in the matrix during ischemia leads to an enormous
accumulation of succinate, which is then rapidly re-oxidized upon reperfusion (Chouchani et al.
2014). With Complexes III and IV at full capacity and the inner mitochondrial membrane
hyperpolarized (due to temporarily restricted function of the ATP synthase), Complex I is forced
to run in reverse which in turn drives extensive ROS generation by reverse electron transport
(RET) (Chouchani et al. 2014). Identification of this mechanism opens up possibilities for new
methods of reducing ischemia/reperfusion injury, such as preventing succinate accumulation by
inhibition of SDH. Alternately, inhibition of Complex I with MitoSNO can prevent RET and
attenuate the ROS surge as was reported in Chapter 3, which is fully consistent with the results
of Chouchani et al. (2014).
With an adequate metabolic preconditioning regime identified, the effects of metabolic
preconditioning on spin-dried HepG2 cells were examined in Chapter 4. The results indicated
that hypoxic preconditioning increased the growth profiles of cells after spin-drying and
immediate rehydration. This increase was more profound when hypoxic incubation was
supplemented with MitoSNO; the MitoSNO treated cells exhibited significantly greater
proliferation after seven days than those that were preconditioned under hypoxia alone. Taken
together these results reveal the positive impact metabolic preconditioning has on the growth of
desiccated and rehydrated mammalian cells.
There may be other avenues of metabolic preconditioning that do not require the
transcriptional pathways induced by HIF-1α. The over-the-counter drug meclizine, for instance,
inhibits mitochondrial respiration after short-term exposure (Gohil et al. 2010). It does this in a
novel fashion by directly inhibiting CTP: phosphoethanolamine cytidylyltransferase (PCYT2), a
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key enzyme within the Kennedy pathway of phosphatidylethanolamine biosynthesis (Gohil et al.
2011). Inhibition of PCYT2 causes a build-up of the intermediate phosphoethanolamine, which
through an as yet unidentified mechanism decreases mitochondrial respiration (Gohil et al.
2011). Meclizine has also been shown to be cardio- and neuro-protective against ischemiareperfusion injury (Gohil et al. 2010), and therefore could be a promising alternative to true
hypoxia for the purposes of metabolic preconditioning.
Significant progress has been made with improving short-term tolerance of desiccation
tolerance of mammalian cells with trehalose (Chen et al. 2001; Chakraborty et al. 2011b;
Chakraborty et al. 2012) and protective proteins (Ma et al. 2005; Li et al. 2012). Additionally,
spin-drying is a promising technique to quickly and uniformly remove cellular water
(Chakraborty et al. 2011a). However the biostability of spin-dried cells at ambient temperature
has been transient thus far. Membrane integrity and cell viability exhibit a precipitous decrease
when desiccated cells are kept at room temperature for an extended period of time. Work is
ongoing to improve the viability of mammalian cells subjected to long-term desiccation. One
approach mentioned in Chapter 4 is to further increase the intracellular trehalose concentrations.
Embryos of Artemia franciscana exhibit an intracellular trehalose concentration of
approximately 400 mM (Carpenter and Hand 1986). Mammalian cells lack the ability to
synthesize trehalose and do not naturally express any trehalose transporters. Trehalose uptake via
endocytosis is quite limited (Li et al. 2012), and enhancing uptake with the TRET1 transporter
from P. vanderplanki is only moderately effective (Li et al. 2012). Therefore the techniques of
trehalose loading need to be improved. A recent study by Abazari et al. (2015) describes a novel
method of chemically modifying trehalose to increase its permeability. The authors substituted
lipophilic acetyl groups for hydrophilic hydroxyl groups. Trehalose conjugated with six acetyl
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groups (trehalose hexaacetate or 6-O-Ac-Tre) was able to diffuse through the plasma membrane,
and once inside, the acetyl groups were cleaved by the cell yielding free trehalose (Abazari et al.
2015). Surprisingly, the concentration of cleaved trehalose in rat hepatocytes increased severalfold above the concentration of 6-O-Ac-Tre in the extracellular medium (Abazari et al. 2015).
Although a promising technique, the use of 6-O-Ac-Tre has potential drawbacks that relate to
osmotic swelling (one 6-O-Ac-Tre molecule yields seven osmotically active particles).
Consequently diffusion into organelles like mitochondria could lead to swelling and rupture.
Another potential avenue to increase desiccation tolerance in mammalian cell is the
simultaneous expression of multiple species of LEA proteins. Recent studies have shown
improved stability of lipid bilayers (Tolleter et al. 2007; Tolleter et al. 2010; Popova et al. 2011;
Furuki and Sakurai 2014; Moore et al. 2016) and cells (Chakrabortee et al. 2007; Li et al. 2012)
during water stress due to the presence of individual LEA proteins. However many types of
LEA proteins are commonly expressed by an individual species (Kikawada et al. 2006; Cornette
et al. 2010; Warner et al. 2010; Hand et al. 2011; Warner et al. 2012; Candat et al. 2014). A.
franciscana embryos, for example, express multiple classification categories of LEA proteins
(see Wise 2003 for classification scheme). These include Group 1 LEAs (Warner et al. 2010;
Warner et al. 2012), Group 3 LEAs (Hand et al. 2007; Menze et al. 2009; Boswell et al. 2014)
and a newly discovered Group 6 LEA protein (M.A. Menze and S.C. Hand, unpublished
observations). The Group 6 LEA protein in A. franciscana is the first of this group described for
an animal species. This LEA protein exhibits strong sequence homologies to seed maturation
proteins (SMPs), and the expression of SMPs strongly correlates with the long-term viability of
seeds in the dried state (Chatelain et al. 2012). LEA proteins play a role in preventing protein
aggregation during desiccation (Goyal et al. 2005; Grelet et al. 2005; Furuki et al. 2012), and
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there is evidence that group 6 LEA proteins can restore cellular function by dissociating protein
aggregates after rehydration (Boucher et al. 2010). Consequently, work on Group 6 LEA
proteins might also help distinguish between the protective mechanisms necessary during drying
and those required during recovery. The expression of multiple LEA proteins could have a
beneficial effect on the long-term stability of desiccated mammalian cells.
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